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Economic Evaluation and Catheter-
Related Bloodstream Infections

Kate Halton*t and Nicholas Graves*t

Catheter-related bloodstream infections are a serious
problem. Many interventions reduce risk, and some have
been evaluated in cost-effectiveness studies. We review the
usefulness and quality of these economic studies. Evidence
is incomplete, and data required to inform a coherent policy
are missing. The cost-effectiveness studies are character-
ized by a lack of transparency, short time-horizons, and nar-
row economic perspectives. Data quality is low for some
important model parameters. Authors of future economic
evaluations should aim to model the complete policy and
not just single interventions. They should be rigorous in de-
veloping the structure of the economic model, include all
relevant economic outcomes, use a systematic approach
for selecting data sources for model parameters, and propa-
gate the effect of uncertainty in model parameters on con-
clusions. This will inform future data collection and improve
our understanding of the economics of preventing these
infections.

Catheter—related bloodstream infections (CR-BSI) occur
at an average rate of 5 per 1,000 catheter days in inten-
sive-care units in the United States (1), resulting in 80,000
episodes of CR-BSI per year (2). This situation leads to in-
creased patient illness, length of stay, and costs of care (3,4)
and possibly additional deaths (5). Empiric evidence (6)
suggests that >50% of these infections could be prevented.
The evidence for the effectiveness of numerous single and
multimodule interventions has been reviewed (2,7), leav-
ing the decision maker with the complex task of selecting
the best infection-control programs. This decision should
be informed by data on the effectiveness of an intervention
as well as an understanding of the cost implications (8).
An effective strategy that reduces the risk for CR-
BSI will generate health benefits from avoided illness and
possibly reduced deaths. At the same time, preventing in-

*The Centre for Healthcare Related Infection Surveillance and Pre-
vention, Brisbane, Queensland, Australia; and tTQueensland Uni-
versity of Technology, Brisbane, Queensland, Australia
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fections will save costs, and these are offset against cost
increases from implementing the strategy. The aggregate
of these costs will be either positive (cost-increasing) or
negative (cost-saving). An effective program that saves
costs must be implemented so as not to waste resources and
harm patients at the same time. An effective program that
increases costs should be subject to a cost-effectiveness
test (e.g., <$50,000 per life year gained) and, if successful,
it should be given serious consideration by policymakers.
This information can be found in full economic evaluations
in which changes to costs and health benefits for a novel
strategy are compared with a relevant comparator such as
current practice (8,9). This enables us to identify the course
of action that offers optimal returns from our investment of
resources.

With the current spending on healthcare in the United
States being >15% of the gross domestic product (10), the
US Food and Drug Administration, as well as the regu-
latory agencies for the United Kingdom, Australia, and
Canada, now require additional programs or therapies to
demonstrate cost-effectiveness. The message is clear: new
healthcare investments should promote efficiency in re-
source allocation, not detract from it.

The existing economics literature for CR-BSI includes
2 approaches to full economic evaluation. First are trial-
based evaluations in which values for parameters such as
costs and health benefits are derived from a single data-
collection exercise. Second are modeling studies for which
values for these parameters are obtained from a variety of
sources and combined in a decision-analytic model. The
advantages and disadvantages of each have been discussed
(11). A major advantage of model-based evaluations is the
ability to include long-term cost and death outcomes not
observed within the period of a clinical trial. Also, inter-
ventions that have not been or cannot be directly compared
in a clinical trial can be evaluated side by side in modeling
studies. These evaluations allow consideration of all rele-
vant competing infection control interventions and not just

815



PERSPECTIVE

a single novel strategy compared with existing practice. Fi-
nally, model-based evaluations are more generalizable and
can be used to evaluate the cost-effectiveness of an inter-
vention in a real-life context not represented by the results
of a trial. For these reasons they are the increasingly the
preferred approach to the economic evaluation of health-
care interventions (12). However, care is needed and only
high-quality, appropriately designed and unbiased models
should be published and used for policymaking (11).

The aims of our study are to summarize the existing
literature on model-based economic evaluation of interven-
tions to prevent CR-BSI and then critique this literature, fo-
cusing on 2 questions. 1) How useful are the evaluations in
terms of how the research questions and findings align with
the information needed to make good decisions? 2) What
is the quality of the evaluations, in particular, whether the
quality of the model structure, the source of parameter data
and its incorporation into the model, and the techniques
used to evaluate the model are such that the evidence pro-
vided is convincing to decision makers? Ultimately, we aim
to judge the value of this body of literature in helping us
understand the economics of preventing CR-BSI and iden-
tify priorities for future research that will lead to a deeper
understanding of this topic.

Methods

We reviewed data published between 1990 and No-
vember 2005. Searches were conducted in Medline, the
Cumulative Index to Nursing and Allied Health Literature,
Biologic Abstracts, Academic Search Elite, and Econ-
lit by using the medical subject headings catheterization
central venous, costs and cost analysis, and infection; or
text keywords catheter and central, cross-referenced with
infection, bacteremia, or sepsis, and cost-effective, cost-
benefit, or cost-utility. We searched the Centre for Reviews
and Dissemination databases (www.york.ac.uk/inst/crd) by
using the same subject keywords and limiting the search
to economic evaluations. In addition, the reference lists of
retrieved articles and review articles in this field of research
(13-16) were searched to identify published articles that
met predefined inclusion and exclusion criteria (Table 1).

To assess the usefulness of the economic evaluations
included, summary data for each were extracted by us-
ing an audit tool based on the Harvard Cost-Effectiveness
Analysis Registry data abstraction forms (17). The data
extracted included a description of the intervention(s) and
population studied, the research question, the structure of
the economic model and assumptions used, the data used
to inform model parameters, the outcomes considered, and
the results and conclusions, including the results of sensi-
tivity analyses. All US dollar figures were adjusted to 2005
prices by using the Bureau of Labor Statistics Consumer
Price Index specific to Medical Care (www.bls.gov/cpi), al-
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though any common year could have been assumed. When
the cost year used for the analysis was not stated, it was
assumed to be 1 year before publication. This assumption
will not affect evaluation of the analysis.

To assess the quality of the economic evaluations, we
used a set of good practice criteria for decision analytic
modeling (18). Four criteria are used to assess the structure
of the model; 6 criteria to assess how data were sourced and
incorporated, including approaches to sensitivity analysis;
and 1 criterion to judge how the model was evaluated in
terms of its own consistency. These 11 criteria were applied
as a series of questions that focused on the relevance and
coherence of the modeling approach taken in each evalua-
tion, rather than as a prescriptive checklist.

The quality of the data used to inform model param-
eters was also assessed by using the modified version (19)
of the potential hierarchies of data sources for economic
analyses (20). Each component of the decision model was
assessed: clinical effect size, baseline clinical data, adverse
events, resource use, costs, and utilities. The quality of data
sources is ranked from 1 to 6 with the highest quality of ev-
idence ranked 1. Rankings for evidence pertaining to clini-
cal effect size are comparable with the concept of levels
of evidence as used in evidence-based medicine (21) and
Cochrane reviews (22). For each article, the highest level of
evidence used for each parameter was recorded.

Results

A total of 106 abstracts were identified, and 8 met the
inclusion criteria (23-30). The reasons for exclusion are
shown in the Figure.

Usefulness of Evaluations

Six interventions were evaluated (Table 2); antimi-
crobial drug—coated catheters were included in 3 separate
analyses (27,29,30). One intervention was compared with
current practice for all studies, except those of Shorr et al.
(29) and Ritchey et al. (28), who evaluated 3 types of an-
timicrobial drug—coated catheter and 3 different catheter
replacement regimens, respectively. No direct comparisons
were made across intervention types, e.g., use of an antisep-
tic catheter versus introduction of chlorhexidine as a skin
preparation, and no evaluations assessed multiple concur-
rent interventions or bundles. The authors of 6 evaluations
(23,24,26,27,29,30) found the intervention to be effective
in preventing CR-BSI and cost-saving (Table 3), and the
authors of 2 other evaluations (25,28) generated data to cal-
culate incremental cost-effectiveness ratios.

Sensitivity analysis was performed in addition to
baseline analysis in 5 evaluations (23,26,27,29,30). This
provided decision makers with information on the robust-
ness of baseline results to different parameter estimates or
characterized the effect of uncertainty in model parameters

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 13, No. 6, June 2007



Table 1. Inclusion and exclusion criteria for review

Inclusion criteria
Had a full publication or manuscript for review
Conducted a full economic evaluation which valued both costs
and benefits of the intervention
Based on a decision-analytic model
Evaluated at least 1 infection-control intervention aimed at
reducing incidence of catheter-related bloodstream infection
relative to a baseline scenario

Evaluated the intervention with respect to short-term (<21 d),
nontunneled, central venous catheters

Based in an adult patient population
Written in English
Exclusion criteria
Cost-analysis studies only
Did not use a comparator

Based on a clinical trial (e.g., randomized controlled trial or
pre-post intervention study) or a case study

Did not contain an original analysis (e.g., editorials, reviews)
Contained purely hypothetical data (e.g., methods articles)
Did not provide full details on methods (e.qg., letters)

Based in a pediatric patient population

Evaluated interventions aimed at long-term or tunneled or
peripherally placed central venous catheters

Evaluated therapeutic or diagnostic interventions, as opposed
to preventive interventions

on the results (23,27,30). In 3 cases (24,25,28), sensitiv-
ity analysis formed the main body of the evaluation, and
decision makers faced multiple sets of results arising from
different parameter estimates.

Quality of Economic Evaluations

The extent to which the quality criteria were met for
the studies varied from 1/8 for checks on the internal con-
sistency to 8/8 for description of strategies/comparators.
This assessment is shown in Table 4.

Model Structure

All authors provided a clear description of the interven-
tion and specified the economic perspective used, which in
all cases was that of the hospital or healthcare payer rather
than a societal perspective. Only Shorr et al. (29) justified
their choice of perspective. In 7 evaluations (23,24,26-30),
a decision tree was used, with a diagram provided in all
but 1 report (26). In another evaluation (25), a regression
model was used, and only the formula used for the base-
line analysis, not the extension used for sensitivity analysis,
was provided. Authors of only 4 evaluations discussed the
evidence or expert opinion used to develop the structure of
the model (23,27,29,30).

Each evaluation used a different representation of the
disease pathway in terms of the timing and nature of the
relevant clinical events. For example, 1 evaluation modeled
colonization as an event preceding CR-BSI (23), 4 consid-
ered these as mutually exclusive events (24,26,27,30), and
3 did not consider colonization (25,28,29). Two models in-

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 13, No. 6, June 2007
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cluded adverse events specific to the intervention (28,30),
but this was not consistent across studies, with only 1 of the
3 evaluations of antiseptic-impregnated catheters includ-
ing incidence of hypersensitivity reactions to the catheter
(30). In 7 evaluations (23-26,28-30), only the outcomes
that would arise during the period of hospitalization were
included. In another evaluation (27), the time horizon de-
scribed the patient’s lifetime.

Source and Incorporation of Data

Authors of all evaluations stated the baseline data used
in the model along with its source; 5 had information in
a table format (23,24,27,29,30). Most parameter estimates
came from the published literature, although 5 evaluations
performed their own cost calculations for the intervention
(23-26,29) and 1 used original patient trial data for the es-
timates of daily incidence and relative risk for infectious
events (27). Seven evaluations (23,25-30) discussed sim-
plifying assumptions and issues of generalizability.

For 6 evaluations (23,26-30), the most important mod-
el parameters were identified (Table 5), with the following
3 parameters consistently important: reduction in risk for
CR-BSI caused by the intervention, baseline incidence of
CR-BSI, and cost of treating a CR-BSI. The ranks of evi-
dence used for these and other model parameters are shown

106 79 excluded as
abstracts not CR-BSI or not
retrieved in full economic
initial search evaluations
12 excluded as
— trial-based
evaluations
v
27 economic 6 excluded as
evaluations not prevention,
reviewed or long-term
catheters
1 excluded as a
| letter only
Y
8 decision
models
included

Figure. Reports included in the review. CR-BSI, catheter-related
bloodstream infections. The 19 economic evaluations excluded
from the review are shown in the online Appendix (available from
www.cdc.gov/EID/content/13/6/817-app.htm).
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Table 2. Summary of economic evaluations of interventions to prevent CR-BSI included in the review*

Sensitivity
Intervention Comparator  Analysis  Perspective analysis Time horizon Hospitalized patients Ref.
Antimicrobial catheters
MR CVC CHG-SSD CUA HC payer PROB, OW, Patient Adults at high risk for CR-BSI 27
CvC SC lifetime likely to require a triple-lumen,
noncuffed CVC for >3 d
MR CVC and Standard CEA HC payer oW, SC, TH Duration Critically ill patients requiring 29
CHG-SSD CvC hospitalized a CVC expected to be placed
CvC >48 h
CHG-SSD Standard CEA HC payer PROB, OW, Duration Patients at high risk for catheter- 30
CcvC CcvC SC, TH hospitalized related infections requiring short-
term use (2-10 d) of multilumen
CVCs
Aseptic technique
MSB at CVC Less CEA Hospital ow, sC Duration Patients requiring short-term 26
insertion stringent hospitalized multilumen CVC (specifically,
asepsis those in ICU, with
immunosuppression, or receiving
TPN)
Skin preparation and dressing
CHG skin prep Pl skin CEA Hospital PROB, OW, Duration Patients requiring eithera PVC or 23
preparation SC hospitalized CVC (considered separately) for
short-term use (<10 d)
CHG dressing Standard CEAT Hospital oW, MW, SC Duration Patients at high risk for catheter- 24
dressing hospitalized related infections requiring short-
term use (2-10 d) of multilumen
CVCs
Total parenteral nutrition
TPN TPN glass CMA/CEA Hospital MW, TH Duration Patients receiving TPN through 25
commercial bottles hospitalized catheter for severe bowel
bags dysfunction secondary to Crohn
disease, medical ICU patients,
and surgical ICU patients
Replacement regimen
Optimal CVC 3-d change CEA Hospital OW, MW, TH Duration 65-year-old man in ICU with 28
change regimen catheterized reversible disease process
regimen (10 d,
5 d)

*Except for the study in reference 25, which used a regression model, all studies used a decision tree. CR-BSI, catheter-related bloodstream infections;
Ref., reference; MR, minocycline and rifampicin; CVC, central venous catheter; CHG-SSD, chlorhexidine gluconate/silver sulfadiazine; CUA, cost-utility
analysis; HC, healthcare; PROB, probabilistic sensitivity analysis; OW, one way; SC, scenario; CEA, cost-effectiveness analysis; TH, threshold; MSB,
maximal sterile barriers; ICU, intensive-care unit; TPN, total parenteral nutrition; PI, povidone-iodine; CMA, cost-minimization analysis; MW, multi way.
TCrawford et al. (24) identified their evaluation as a cost-benefit analysis (CBA) but they conducted a cost-effectiveness analysis with health outcomes

multiplied by a dollar value to produce a monetary valuation of health benefits.

in Table 6. The level of evidence used for the effective-
ness of the intervention was generally high, and authors of
all evaluations provided information on how they selected
the data used for this parameter. However, the level of evi-
dence used for the cost and baseline incidence of CR-BSI
was generally of lower quality; little detail was given in
the reports of the evaluations as to why 1 particular esti-
mate for a parameter was chosen over another. In particu-
lar, in all evaluations, reference was made in the introduc-
tion or discussion section to relevant information on the
cost and deaths attributable to CR-BSI that was not used in
the analysis. This explains the wide variation in the source
and value of the estimates used for parameters between the
evaluations (Table 5).

Model parameters were expressed as probability dis-
tributions for only 3 studies (23,27,30), even though this

818

method provided an opportunity to appropriately describe
parameter uncertainty. All 3 studies specified the choice of
distribution for model parameters and the rationale for this
choice. The remaining studies (24-26,28,29) used point es-
timates and a range for each parameter across which the
estimate was varied in sensitivity analyses. Similar to the
baseline estimates, no information was given on how rang-
es used for sensitivity analysis were decided upon, aside
from a double-it and half-it approach.

Model Evaluation

All evaluations used deterministic sensitivity analy-
ses by varying parameters across a range of point esti-
mates either 1 at a time (1-way) or concurrently (multi-
way). Four studies (25,28-30) reported results of threshold
analyses, i.e., the value of each parameter at which the

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 13, No. 6, June 2007



Economics of Catheter-related Bloodstream Infections

Table 3. Results of economic evaluations of interventions to prevent CR-BSI*

Estimated absolute
incremental benefits

Incidence Mortality Estimated Sensitivity
Intervention CR-BSI, % incidence, % incremental cost Cost/benefit ratio analysis Ref.
Baseline: CHG-SSD catheter Variable Not stated Not stated 27
MR cathetert -0.7 0.009 QALYs -$83 Cost saving Robust
(-0.009, 0.016) ($109, —$205)

Baseline: standard catheter 3.30 - $469 29
CHG-SSD catheter -1.94 - —$222 Cost saving Robust
MR catheter -2.79 - -$314 Cost saving Robust
Baseline: standard catheter 5.20 0.78 $710 30
CHG-SSD catheter -2.20 —-0.33 -$262 Cost saving Robust

(-1.2,-34) (-0.09,-0.78)  (-$91,-$522)
Baseline: less stringent asepsis 5.30 0.80 $676 26
Maximal sterile barriers -2.49 -0.38 -$274 Cost saving Robust
Baseline: Povidone-iodine skin 3.1 0.46 $265 23
preparation
Chlorhexidine gluconate -1.6 -0.23 -$134 Cost saving Robust

(-0.6,-2.5)  (-0.07,-0.47) (-$21, —-$286)
Baseline: standard dressing 5.00 0.05 $514 24%
Chlorhexidine dressing§ -2.63 —-0.03 —$259 Cost saving Robust
Baseline: glass TPN bottles 10.0 0.50 Not stated 25%
TPN bagsf -6.67 -0.33 Not stated $28,326/life saved Variable
Baseline: 5d - 0.92 $1,398 Not clear from source 28%
3d - —0.02 $8 what reported cost- Variable
10d _ _0.13 $63 effectiveness ratios Variable

represented

*All estimates have been adjusted to 2005 US dollars. Values in parentheses are 95% confidence intervals. CR-BSI, catheter-related
bloodstream infections; mortality, CR-BSI attributable mortality; CHG-SSD, chlorhexidine gluconate/silver sulfadiazine; QALYs, quality-adjusted

life year; MR, minocycline and rifampicin; TPN, total parenteral nutrition.

tRefers to results for an 8-d duration of catheterization; intervention was cost-saving for durations >8 d and could not be evaluated for <8 d.
FCost year for original analysis not stated; therefore, assumed 1 year before publication.
§Refers to results using baseline conservative assumptions of 5% CR-BSI incidence rate, 1% CR-BSI attributable mortality rate, and $8,000

incremental CR-BSI treatment cost.

fRefers to results using baseline conservative assumptions of 10% CR-BSI incidence rate, 5% CR-BSI attributable mortality rate, and relative

reduction in risk for CR-BSI of 0.33.

conclusions from the analysis would change, and 6 stud-
ies (23,24,26,27,29,30) reported results of scenario analy-
ses, i.e., results where all parameters are set to favor each
specific intervention in turn (Table 2). The 3 evaluations
that characterized parameters as distributions (23,27,30)
also used probabilistic sensitivity analysis, which enabled
calculation of confidence intervals around their point esti-
mates of incremental costs and benefits.

In the 6 evaluations where the intervention was cost-
saving (23,24,26,27,29,30), the conclusions were robust
to the sensitivity analyses. In the 2 evaluations where an
incremental cost-effectiveness ratio could be calculated
(25,28), different conclusions were drawn in different sce-
narios (Table 3). Scenario analyses used in 6 evaluations
(23,24,26,27,29,30) indicated internal consistency in the
models, i.e., they behaved logically and as expected. How-
ever, only 1 evaluation (27) made an explicit statement on
internal consistency about checks performed during the
model construction and analysis. Authors of 7 evaluations
discussed caveats to their work (23-27,29,30).
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Discussion

We reviewed existing model-based economic evalua-
tions of interventions to prevent CR-BSI. Given the grow-
ing use of economic evidence to inform infection control
policy (13), the amount of this literature is likely to increase.
However, critics have questioned the validity of these evalu-
ations. McConnell et al. (31) suggest that “in the absence of
evidence-based medicine on the effectiveness of antimicro-
bial central venous catheters, on the basis of clinically rel-
evant end points, cost-effectiveness studies are an exercise
in futility” We would argue that even in this situation the
best possible decision still needs to be made (11) and that
evaluations should be judged not on their ability to predict
the precise value of an intervention but on the “ability of
a decision model to recommend optimal decisions” (32).
A decision not to invest in some risk-reducing intervention
or program is a decision that leads to economic and clinical
outcomes that are either optimal or not optimal. Economic
evaluation provides a rational way for the decision maker to
rank these outcomes, which in the absence of perfect infor-
mation, is of more use than producing a single, potentially
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Table 4. Assessment of published evaluations and good practice
criteria for decision models

No. models meeting
Attributes of good practice criteria criterion, n =8

Structure

Perspective specified 8
Description of strategies/comparators 8
Diagram of model/disease pathways 6
Development of model structure and 4
assumptions discussed

Data
Table of model input parameters 5
presented
Source of parameters clearly stated 8
Model parameters expressed as 3
distributions
Model assumptions discussed 7
Sensitivity analysis performed 8
Key drivers/influential parameters 6
identified

Consistency
Statement about test of internal 1

consistency undertaken

misleading, dollar estimate. We critiqued the existing evalu-
ations in terms of their usefulness in providing information
relevant to clinical practice. We also assessed the quality of
the evaluations and explored the implication that this would
have on the information provided to decision makers.

Four interventions were found to be clinically effec-
tive and cost-saving: use of antibiotic-coated catheters
compared with use of either antiseptic-coated or standard
catheters, maximal sterile barrier precautions during cath-
eter insertion compared with less stringent aseptic tech-
nique, and use of chlorhexidine gluconate as either a skin
preparation or impregnated into the insertion site dressing
compared with use of povidone-iodine skin preparation and
nonimpregnated dressings. Results of these evaluations are
robust to a wide range of parameter estimates and assump-
tions. Two other interventions showed health benefits and
increased costs: use of a 3-day or 10-day catheter replace-

ment regimen rather than replacement every 5 days and use
of commercially available plastic bags for delivery of total
parenteral nutrition rather than glass bottles. Conclusions
about the cost-effectiveness of these interventions changed
with use of different parameters and assumptions.

Usefulness of Evaluations

We have data on the cost-effectiveness of only 6 in-
terventions. These interventions were evaluated separately
and not compared with each other. Furthermore, many
other interventions have been shown to be clinically ef-
fective but, there are no data on their cost-effectiveness.
This finding is not consistent with current guidelines (2),
which recommend that “it is logical to use multiple strate-
gies concomitantly.” The 100,000 Lives Campaign is also
formed on the basis of a group of interventions. The exist-
ing economic evidence is therefore incomplete and cannot
be used to form a coherent policy for preventing CR-BSI.
Infection control practitioners and other decision makers
require information on the relative cost-effectiveness of
all relevant groups of interventions rather than individual
strategies (8). A good example of using cost-effectiveness
to inform a complete policy is provided by Frazier et al
(33). They evaluated 21 competing strategies for popula-
tion-based colorectal cancer screening and included all rel-
evant screening methods and frequencies. This study pro-
vides policymakers with complete information in as much
as all available choices have been compared.

The failure to specify baseline values (i.e., the value
authors believe is most likely) for model parameters is also
problematic. Instead of estimating a baseline model and
then testing whether the conclusions are robust to high and
low values, some authors report all possible results on the
basis of all possible values for some parameters. This shifts
the responsibility of interpreting the results to the reader.
The failure to describe how high and low values were cho-
sen for key parameters (i.e., the double-it and half-it ap-
proach) compounds the problem.

Table 5. Variation between economic evaluations in baseline parameter estimates*

No. times identified  No. different Minimum Median
Baseline parameters as key parameter estimates estimate Maximum estimate estimate
Epidemiologic
Incidence of CR-BSI 6/8 8/8 3.1% 8.0% 5.3%
Effectiveness of the intervention 6/8 Will vary according to intervention
Attributable mortality 217 5/7 5% 15% 14%
Incidence of localized insertion site 0/5 4/5 5% 50% 20%
infection
Cost
Cost of CR-BSI 6/8 6/8 UsS $2,820 US $13,000 US $10,531
Cost of localized insertion site 0/5 3/5 US $195 US $435 US $280
infection
Cost of intervention 2/8 Will vary according to intervention
Cost of other complications 1/3 Will vary according to complications considered

*All cost estimates adjusted to 2005 US dollars. Values for parameters are the baseline estimate used in the model (the same patterns of variation were
observed with the ranges used for sensitivity analysis). CR-BSI, catheter-related bloodstream infections.
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Table 6. Ranks of evidence for parameters used in the decision models*

Baseline Attributable Incidence localized Cost of Cost of
Clinical effectiveness incidence mortality, insertion site CR-BSI, intervention,

Evidence ranking of intervention, n = 8 CR-BSI,n=8 n=7 infection,n =5 n=8 n=8
High quality

Rank 1 5 1 - - 2 —

Rank 2 1 1 1 - 1 7
Medium quality

Rank 3 - 1 1 - 2 -
Low quality

Rank 4 1 4 4 4 2 -

Rank 5 - 1 1 - —

Rank 6 — - - - -
Unclear 1 - 1 1

*CR-BSI, catheter-related bloodstream infections.

Assessing Quality

There was a lack of transparency in the development
of model structure. Model structure may have been driven
by availability of data rather than careful review of the nat-
ural progression of the disease. This could undermine the
external consistency of the evaluations as they appear to
users. The choice of short-time horizons and narrow eco-
nomic perspectives inhibits the usefulness of these evalua-
tions by excluding relevant costs and health outcomes from
the analysis. The current evidence may represent a blink-
ered view of the problem and how it should be managed.
This situation in turn reduces the extent to which the value
of infection control can be compared with other healthcare
spending such as cardiac surgery and diabetes prevention.

The quality of data incorporated in the models is high-
ly variable. The authors of 7 studies (23,24,26-30) suggest
that their results are compromised by an absence of high-
quality or precise information, often for key parameters in
the model. This finding leads to some skepticism about the
results (31). Researchers are attempting to provide better
estimates of the health and economic outcomes attributable
to CR-BSI (34). However, a model should not be criticized
on the basis of the quality of data used per se. Rather, it
should be judged on the techniques used to identify and in-
corporate the highest quality appropriate and relevant data
possible (35) for all parameters, not just those relating to
effectiveness. Given the lack of information provided by
the authors about this process, a more systematic approach
to selecting evidence needs to be introduced. Generic tools
such as the hierarchy used here (19) are useful to judge evi-
dence quality, but this may need to be supplemented with
tools such as the hierarchy of quasi-experimental study de-
signs, given the prevalence of the use of these designs in
the infection control literature (36). Where multiple pieces
of relevant information are available, techniques exist for
the synthesis of diverse evidence (37).

Given the variations in data quality, selecting the best
evidence and then propagating the effect of uncertainty in
this evidence to the conclusions drawn are important. A
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good method is probabilistic sensitivity analysis (38). This
method was used in 3 evaluations (23,27,30). This tech-
nique characterizes parameter estimates as distributions
rather than discrete values and conducts multiple simula-
tions of the model that draw different parameter values
each time from the distributions. This enables the uncer-
tainty around the costs and benefits of a given interven-
tion to be described and the relative contribution to all un-
certainty arising from each parameter to be estimated. The
next step, which was not conducted for any evaluation, is to
estimate the value of collecting more data to inform these
parameters (39). This step would be particularly relevant
to the key parameters identified in this review. The current
methods used to derive estimates of costs and deaths at-
tributable to CR-BSI are subject to some bias and may not
make intuitive sense to clinicians (31). This issue is prob-
lematic because these methods are important components
in the model, often driving the changes in costs and bene-
fits, and it is likely this finding partly explains why so many
interventions appear cost-saving.

This review has some limitations. Despite use of a broad
search strategy, we may not have identified all model-based
economic evaluations in this area; some evaluations may
not have been published or are available only as abstracts.
Also, our assessment of the quality of evaluations using the
good practice criteria may reflect the way evaluations are
reported rather than conducted. In fact, word limits often
prevent authors from providing a full description of meth-
ods. However, any indication that a criterion was addressed
was taken as an evaluation that met that attribute.

Conclusion

We do not have a comprehensive understanding of the
economics of preventing CR-BSI. Policymakers and regu-
latory agencies are unable to recommend the best approach
to mitigate risks for CR-BSI in patients in intensive-care
units. Those who propose to undertake research in this area
would benefit from a careful consideration of this review.
Modelers should collaborate and aim to develop a consen-
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sus on key issues such as model structure, data sources,
and evaluation methods. This activity is promoted by the
International Society for Pharmacoeconomics and Out-
comes Research and The Cancer Intervention and Surveil-
lance Modeling Network. Ultimately, the best policy for
preventing CR-BSI will emerge from an iterative process
that includes researchers, clinicians, modelers, and deci-
sion makers.

The Centre for Healthcare Related Infection Surveillance
and Prevention, Queensland Health provided funding to the
Queensland University of Technology for the development and
publication of this report.
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Levels of Abnormal Prion Protein
INn Deer and Elk with Chronic
Wasting Disease

Brent L. Race,* Kimberly D. Meade-White,* Anne Ward,* Jean Jewell,T Michael W. Miller,*
Elizabeth S. Williams,T! Bruce Chesebro,* and Richard E. Race*

Chronic wasting disease (CWD) of deer and elk is a
widespread health concern because its potential for cross-
species transmission is undetermined. CWD prevalence in
wild elk is much lower than its prevalence in wild deer, and
whether CWD-infected deer and elk differ in ability to infect
other species is unknown. Because lymphoid tissues are
important in the pathogenesis of some transmissible spon-
giform encephalopathies such as sheep scrapie, we investi-
gated whether CWD-affected elk and deer differ in distribu-
tion or quantity of disease-associated prion protein (PrPres)
in lymphoid tissues. Immunoblot quantification of PrPres
from tonsil and retropharyngeal lymph nodes showed much
higher levels of PrPres in deer than in elk. This difference
correlated with the natural prevalence of CWD in these spe-
cies and suggested that CWD-infected deer may be more
likely than elk to transmit the disease to other cervids and
have a greater potential to transmit CWD to noncervids.

hronic wasting disease (CWD) is an emerging in-

fectious disease first recognized in the 1960s. It is a
member of the transmissible spongiform encephalopathy
(TSE) disease group that includes sheep scrapie, bovine
spongiform encephalopathy (BSE), transmissible mink
encephalopathy, and several human diseases, including
kuru, Creutzfeldt-Jakob disease (CJD), and variant CJD
(vCID). Several heritable but extremely rare forms of TSE
are found, most notably, Gerstmann-Straussler-Schienker
syndrome (GSS) and fatal familial insomnia. CWD, like
other TSE diseases, is characterized by the accumulation
in neural tissues of an abnormal disease-associated prion
protein designated PrPres (7), PrP% (2), or PrP¢ (3). Most
TSE researchers believe that PrPres is critical in disease

*Rocky Mountain Laboratories, Hamilton, Montana, USA; tUniver-
sity of Wyoming, Laramie, Wyoming, USA; and 1Colorado Division
of Wildlife, Fort Collins, Colorado, USA
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pathogenesis, and some evidence suggests that PrPres may
itself be the infectious agent (4).

As recently as 1997, CWD in the wild appeared to be
confined to a few counties of northeast Colorado and south-
east Wyoming. Since then, new cases have been reported
in wild deer from many additional states. The disease has
recently emerged in captive elk and deer facilities scattered
across the United States and Canada. Whether these new
foci of infection resulted from contact with captive cervids
or represent established foci of infection discovered by
recent surveys is unknown. In disease-endemic areas, the
prevalence of CWD in deer is variable but is often >5%. In
contrast, the prevalence in wild elk is typically <1% (3,06).
What factors account for different CWD prevalence in the
wild between deer and elk are not known.

In some species, the infectious agent and PrPres ac-
cumulate in both lymphoid tissues and brain. The extent of
lymphoid tissue involvement varies depending on the host
and agent involved. In scrapie-infected sheep, lymph nodes
and spleen are infected early and are directly involved in
the kinetics of disease (7—9). Lymphoid tissues are likewise
important in vCJD (/0) in humans and also in some TSE
mouse models (//—13). In other TSE diseases such as BSE
and sporadic CJD, lymphoid tissues appear to play little or
no essential role in disease pathogenesis (/4,/5). Knowing
the extent of lymphoid tissue involvement in deer and elk
might provide clues regarding modes of natural transmis-
sion in these species or the potential for transmission to
other species.

PrPres in lymphoid tissues of deer (/6) and elk (/7)
has been primarily detected by using immunohistochemical
(IHC) techniques. However, with these techniques, quanti-
fication and glycoform analysis of PrPres are not possible.
We were interested in determining whether PrPres found in

'Deceased
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lymphoid tissues of deer differs from PrPres found in lym-
phoid tissues of elk in quantity, distribution, or structural
features. Immunoblot techniques enabled us to study these
questions.

Surveys of CWD-infected deer and elk based on [HC
or ELISA analysis of brain or retropharyngeal lymph nodes
(RPLNs) have not shown differences between the 2 spe-
cies that explain why CWD prevalence differs in natural
settings (/8,79). In our study, we sought to identify poten-
tial differences in biochemical characteristics of PrPres to
explain the prevalence differences between the 2 species.
We found that lymphoid tissues of CWD-infected deer had
much greater quantities of PrPres than were detected in
similar samples from elk. Furthermore, we found a wider
distribution and higher incidence of positive lymphoid tis-
sues in deer. These differences might account for the dispar-
ity in the reported prevalence of CWD in the wild between
deer and elk. Our results also support previous observations
that suggested CWD surveillance programs based on IHC
detection of PrPres in lymphoid tissues alone may not be
appropriate for elk (5,78).

Materials and Methods

Tissues

Brain, tonsil, spleen, and selected lymph nodes, includ-
ing RPLNSs, prescapular, submandibular, superficial cervi-
cal, mesenteric, popliteal, and ileocecal-colic lymph nodes,
were obtained from 10 CWD-infected elk and 15 CWD-
infected deer (12 mule deer and 3 white-tailed deer). Elk
were derived from game farms or research facilities where
they became infected by contact with CWD-infected elk, a
contaminated environment, or oral inoculation. All of the
elk used in this study had definite clinical cases when they
were euthanized. The deer used for PrPres quantification all
had confirmed clinical cases and were from research facili-
ties where they became infected by contact with infected
animals. Three of the mule deer, included in Table 1, were
harvested by Colorado Division of Wildlife or Wyoming
Department of Game and Fish personnel. Tissues from
wild uninfected deer and elk were obtained from Montana
Department of Fish, Wildlife and Parks. More than 4,000
wild deer and elk from Montana have been tested for CWD
with no positives found.

PrPres Purification

Twenty percent tissue homogenates of brain, tonsil,
lymph nodes, or spleen from CWD-infected or uninfected
deer and elk were made in 10 mmol/L Tris-HCI, pH 7.4, 5
mmol/L MgCl, by using either disposable Konex micro-
centrifuge tubes (Kimble/Kontes, Vineland, NJ, USA) and
matched pestles (brain) or an omni tissue homogenizer
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Table 1. PrPres detection by immunoblot in brain and lymphoid
tissues of elk and deer*

Lymph
Species Brain Spleen Tonsil node
Elk 10/10 2/10 4/9 5/10
Mule deer 12/12 2/10 9/10 12/12
White-tailed deer 3/3 1/3 2/3 3/3

*PrPres, disease-associated prion protein. Values indicate the number of
animals with PrPres detected (numerator) over the number analyzed
(denominator). If any PrPres was detected in a given tissue, it was
considered positive for the purpose of this table. If even a single lymph
node from a given animal was positive, the animal was scored as positive
for that tissue. This table does not consider quantitative variation in the
amount of PrPres in tissues of elk compared to deer. The denominators
vary because not every tissue was available from every animal. Brain,
tonsil, and lymph nodes of elk did not differ significantly from mule deer
(Fisher exact test).

(tonsil, spleen, and lymph nodes); 75%—-90% of the total
tissue mass of respective lymph nodes or tonsil was ho-
mogenized. Two-hundred—milligram aliquots of the total
homogenate were processed further to concentrate PrPres
by using ultracentifugation and proteinase K digestion as
described (20).

Immunoblotting

Protein gel electrophoresis and immunoblotting were
done as previously described (21,22) by using polyclonal
antibody R35 (23) or monoclonal antibody L-42 (R-Bio-
pharm AG, Darmstadt, Germany). L-42 reacts with PrPres
from several species, including deer and elk, and has been
well characterized (24). Blots were developed by using ei-
ther an enhanced chemiluminescence (ECL) or enhanced
chemifluorescence (ECF) system, according to the manu-
facturer’s instructions (Amersham-Pharmacia, Piscataway,
NJ, USA). ECL blots were exposed to film to visualize pro-
teins. ECF blots were scanned by using a STORM fluores-
cent detection system (Amersham-Pharmacia) as described
previously (25).

PNGaseF Digestion

Reagents and enzymes for PNGaseF treatment were pur-
chased from New England BioLabs (Beverly, MA, USA). Re-
action conditions were as recommended by the manufacturer
except that denaturing of 1- to 30-mg tissue equivalents was
done in a total volume of 20 puL. sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis sample buffer. Each sample
was digested by using 2,500 U PNGaseF and incubated
overnight at 37°C. Samples were frozen at —20°C until they
were analyzed by immunoblotting.

Results
Quantification of PrPres in Brain, Tonsil, and RPLNs
Tissues from 10 CWD-affected elk and 15 CWD-af-

fected deer were analyzed in this study. All 10 of the elk
had advanced clinical CWD when euthanized. The deer
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represented various stages of clinical disease. Detailed data
showing PrPres glycoform profiles and quantification of
PrPres are shown for 5 of the elk and 6 of the deer (Figure
1). Each of the elk brains gave a very strong PrPres signal
when 2-mg brain equivalents were analyzed. Deer brain
PrPres was more variable, and 20 mg of brain equivalent
was analyzed (Figure 1). The relative amount of PrPres in
each sample was determined by comparing the PrPres sig-
nal to a standard control. The standard control for each blot
was RPLN from one of the CWD-infected mule deer in the
study (labeled C in each blot, Figure 1). Relative PrPres
amounts were determined by using a phosphor-imager
and Image Quant software (Storm, Molecular Dynamics,
Sunnyvale, CA, USA). The average amount of PrPres in
elk brain was consistently higher than the amount in deer
brain (Figure 2). The lower amounts of PrPres in deer brain
than in elk brain likely reflects the more variable and earlier
clinical status of the deer that were analyzed.

Diagnosis of CWD is often based on detection of
PrPres in tonsil tissue by using ELISA and IHC analysis.
Therefore, we also analyzed tonsil tissue, but because we
were interested in quantitative issues we used immunoblot
technology.

No PrPres was observed in tonsil from 2 of the elk
(Figure 1B), and only a small amount was detected in ton-
sil from the other 3 elk (Figures 1B, 2B). PrPres in the 3
tonsil specimens that did give a signal averaged 4% of the
control’s signal. In contrast, tonsil from 5 of the 6 CWD-
affected deer gave a strong PrPres signal (Figure 1B), aver-
aging 109% of the reference control’s signal. However, the
tonsil of the remaining deer (#4, Figures 1B, 2B) gave no
PrPres signal on immunoblot.

PrPres quantities in RPLNs from elk were also low.
RPLN from 1 elk was negative (#4, Figure 1C), while weak
reactions were seen for RPLNs from the other 4 elk at 2%,
2%, 5.1%, and 13% of the control, respectively (Figures
1C, 2C). RPLNSs from the deer were much stronger. RPLNs
from all 6 deer were positive and ranged from 3.4% to 100%
of that of the control (Figures 1C, 2C). One of the deer (#4,
Figure 1B, C) had no PrPres detected in tonsil and very
little in RPLN, even though the reaction from the brain of
this deer was strong. Tonsils and RPLNs from 5 additional
CWD-infected elk and 9 additional CWD-infected deer,
including 3 white-tailed deer, showed PrPres in amounts
similar to those of most elk and deer shown in Figures 1
and 2, but detailed quantification was not carried out on
these samples. The combined data for all elk and deer show
tonsil and RPLN specimens to be consistently PrPres posi-
tive by immunoblot in deer but positive less frequently in
elk (Table 1).

We also sought to determine whether all of the nodes
from individual deer contain similar levels of PrPres. Con-
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Figure 1. Immunoblot analysis of PrPres from chronic wasting
disease (CWD)-affected elk and deer brain, tonsil, and
retropharyngeal lymph node (RPLN). Panel A shows the PrPres
signal from 2-mg equivalents of elk brain or 20-mg equivalents of
deer brain. Individual animals are identified as 1-5 (elk) or 1-6
(deer). C denotes the reference control to which all other samples
are compared and consists of 20-mg equivalents of retropharyngeal
lymph node (RPLN) from a CWD-affected mule deer. Aliquots of
this same control are included on all blots shown in panels B and C.
Lanes labeled U in panels A, B, and C contain 20-mg equivalents
of the respective tissue from uninfected elk or deer. No PrPres
bands were detected when tissues from uninfected deer or elk
were analyzed. In panels B and C, 20-mg equivalents of tonsil or
RPLN were used. PrPres was obtained as described in Materials
and Methods and the blots developed by using antibody L42 at
a 0.04 pg/mL dilution and standard enhanced chemifluorescence
processing. Approximate molecular weights in kd are indicated on
the left side of the panels.

-

siderable variation was observed. In some deer, every node
that was tested was PrPres positive, but more frequently
only 1 or 2 nodes were positive. Furthermore, the inten-
sity of the PrPres signals varied from node to node. In
most deer, RPLN gave the strongest PrPres signal, but in
other deer the prescapular or submandibular nodes were
best (Figure 3). The mesenteric node was often positive,
but generally gave a weak PrPres signal (Figure 3, lane 7).
Thus, analysis of a single lymph node other than the RPLN
by immunoblot would likely result in some CWD-positive
deer being undetected.

The spleen has been shown to influence disease patho-
genesis in both sheep and mouse models of TSE disease
(7,12,13,26). Therefore, we also sought to quantify the
amount of PrPres in elk and deer spleen. However, all of
the animals gave very weak or no PrPres signals in spleen
(Table 1) (blots not shown). Thus CWD-affected elk and
deer differed from scrapie-affected sheep, in which the
spleen routinely gives a strong PrPres signal.
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Figure 2. Quantification of disease-associated prion protein (PrPres)
in brain, tonsil, and retropharyngeal lymph node (RPLN) from
chronic wasting disease—affected elk and deer. The relative amount
of PrPres in each lane of Figure 1 is shown relative to a common
control described in the Figure 1 legend. A split scale is shown for
elk brain because the PrPres signal from each elk brain was strong
enough with 2-mg equivalents of tissue to obscure the protein
patterns on the gel. Twenty-milligram equivalents were analyzed
for all other tissues. The 10-fold difference in the amount of tissue
equivalents loaded is accounted for by the split scale, where the
result from 2-mg equivalents was multiplied by 10. Data shown are
the average of 4 duplicate gels run for each sample. PrPres level
in elk brain is significantly different from deer brain (p<0.001), elk
tonsil is significantly different from deer tonsil (p = 0.0274), and elk
RPLN is significantly different from deer RPLN (p = 0.0087) (Mann-
Whitney test). C, reference control; U, uninfected elk or deer.
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PrPres Glycoform Patterns in Lymphoid Tissues of
CWD-infected Elk and Deer

PrPres glycoform patterns have been used to define
TSE strains and have been studied extensively in deer and
elk brain (23). Therefore, we evaluated the PrPres glyco-
form patterns of lymphoid tissues of CWD-infected deer
and elk to identify profiles that might differentiate deer
from elk. The glycoform profile in deer tonsil and lymph
node were similar to that of the profile in deer brain (Figure
4). Likewise, there was no convincing difference in the pat-
tern of PrPres found in deer and elk brains (Figure 1). A
meaningful comparison of glycoform patterns between elk
and deer tonsil and lymph nodes was not possible because
none of the elk lymphoid organs gave a sufficiently strong
PrPres signal.

Because PrPres band differences can be due both to dif-
fering glycosylation and different sites of proteinase cleav-
age, we treated samples of various tissues with PNGaseF
to remove carbohydrates and thus show any differences
due to proteolytic cleavages. Such differences in the PrPres
structural core might provide evidence for the existence
of different CWD strains as seen before in other TSE dis-
eases (27-29). However, no differences were detected in
PNGaseF-digested PrPres from elk and deer brain (Figure
4). Thus, both glycoform profiles and PNGaseF analysis
indicated that PrPres from elk and deer were similar.

Discussion
We found marked differences in the quantity of PrPres
in tonsil and lymph nodes of CWD-infected elk versus deer

32 Kd'
'
.

18 Kd-

1 2 3 - 5 6 7

Figure 3. Representative immunoblot showing the relative amount
of disease-associated prion protein (PrPres) in brain, tonsil, and
selected lymph nodes from a single chronic wasting disease
(CWD)-affected mule deer. All lanes were loaded with 10-mg
equivalents of tissue (original wet weight basis). Lane 1, brain;
lane 2, tonsil; lane 3, popliteal lymph node; lane 4, retropharyngeal
lymph node (RPLN); lane 5, prescapular lymph node; lane 6,
submandibular lymph node; lane 7, mesenteric lymph node. PrPres
bands were visualized by using antibody L42 at 0.04 ug/mL and
standard enhanced chemiluminescence processing.
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Figure 4. Immunoblot showing disease-associated prion protein
from chronic wasting disease—affected elk brain or mule deer
brain, tonsil, spleen, and retropharyngeal lymph node before and
after treatment with PNGaseF. Alternating lanes show before and
after treatment for each tissue. PNGaseF digestion was done as
described in Materials and Methods. Ten-milligram equivalents
of tissue were used for PNGase F-negative lanes, and 4-mg
equivalents of tissue were used for PNGase F—positive lanes. The
blot was developed as described in Figure 3.

by using immunoblot analysis. For example, PrPres was
detected at high levels in deer, but not in elk, when 20-mg
equivalents of tonsil or RPLN were analyzed. In contrast,
brains from these deer and elk were all highly positive when
the same immunoblot method was used. Both the quantita-
tive PrPres difference (Figure 2) and the differences in the
frequency of PrPres detection (Tables 1, 2) between elk
brain and lymph nodes were not noted in previous stud-
ies in which nonquantitative ELISA or IHC methods were
used (5,18,19). In these reports, most elk (85%—-94%) had
detectable PrPres in both brain and RPLN; however, 6%—
15% of the elk had no PrPres in RPLN when brain was
positive, which was similar to our immunoblot results. In
fact, RPLN from most of the elk in our study were also pos-
itive by ELISA or IHC (data not shown). Thus, ELISA and
IHC appeared to be more sensitive than immunoblot for
PrPres detection and therefore more appropriate methods
for diagnosis and surveillance. In contrast, immunoblotting
appeared to be more useful for studies requiring quantita-
tion or visualization of PrPres banding patterns.

Our results suggest that fundamental differences may
exist in the pathogenesis of CWD between deer and elk.

In CWD-infected deer, as with scrapie in sheep, infectivity
and PrPres are detectable in lymphoid tissues early after
infection, well before they can be detected in brain tissue
(7,16). In deer and sheep, this early lymphoid involvement
is considered important in the process of neuroinvasion and
the kinetics of disease. After a period of replication in these
peripheral sites, the infectious agent moves to the central
nervous system. In elk, the low quantity of PrPres in ton-
sil or lymph nodes suggests that lymphoid infection may
not necessarily precede neuroinvasion. Possibly the small
amount of PrPres detected in elk tonsil and lymph node
may actually originate from the brain. This situation may
be similar to that of mink that have mink encephalopathy in
which infection of peripheral lymphoid and other tissues is
seen only when the animals are in the late stages of disease.
It is unclear whether such spread from brain to the periph-
ery is bloodborne or mediated by retrograde transmission
through autonomic nerves (37).

In the TSE diseases in which lymphoid tissues are sub-
stantially involved, i.e., sheep scrapie and CWD in deer,
horizontal transmission in natural situations is efficient. In
contrast, when peripheral lymphoid tissues are not exten-
sively involved, i.e., BSE in cattle (/4,/5), and naturally
occurring CWD in elk, horizontal transmission appears
to be relatively inefficient (Table 2). Thus, differences in
lymph node PrPres levels correlate with differences in the
prevalence of CWD in deer and elk in natural settings. This
finding might be the result of greater quantities of CWD in-
fectivity released to the environment from lymphoid tissues
of deer that have died or been killed. Also because there is
widespread distribution of large quantities of PrPres in deer
lymphoid tissues, it seems possible that infectivity might
also be present in other peripheral tissues such as intestine,
kidney, or salivary glands, which could possibly lead to ex-
cretion or secretion of infectivity in feces, urine, or saliva.
One would also expect brain-associated infectivity to be a
source of environmental contamination, and in this regard
brain from CWD-infected elk represents as great a risk as
CWD-infected brain from deer.

Several other factors might also influence transmission
within deer and elk populations. For example, differences
in social interaction, the size of typical homeland range,

Table 2. Comparison of PrPres tissue distribution in TSE-affected ruminants*t

Species (condition) Brain Spleen Nodes Tonsil Natural transmission
Elk (CWD) 10/10 2/10 5/10 4/9 Low
Mule deer (CWD) 12/12 2/10 12/12 9/10 High
White-tailed deer (CWD) 3/3 1/3 3/3 2/3 High
Sheept (scrapie) 8/8 7/8 6/8 Yes High
Cattle (BSE)§ 6/6 Neg Neg Neg No

*PrPres, disease-associated prion protein; TSE, transmissible spongiform encephalopathy; CWD, chronic wasting disease; BSE, bovine spongiform

encephalopathy; Neg, negative.

tDistribution of PrPres or infectivity in peripheral tissues of TSE affected ruminants was compared. Data for deer and elk were determined in the study
presented here. Data for sheep are from an earlier publication (30) as are the data for cattle (14, 15)

tData from (30).
§Data from (74).
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preferred habitat, population densities, and so forth. The
relative contribution of the possible factors is not known.

Although CWD prevalence in elk is low in natural
settings, it can be much higher in confinement situations.
What differences increase transmission when animals
are confined is not known. Apparently, high PrPres lev-
els in lymphoid tissues are not essential for transmission
in crowded conditions. However, at least 2 factors might
have an additional impact on transmission in captive elk.
First, restricting elk to small pastures, sheds, or corrals
where infectious material has accumulated over time might
facilitate increased transmission. Second, in confined set-
tings, animal-to-animal contact would increase. This might
involve exchange of infectivity through saliva, which has
been found to be infectious in deer (32) and might also be
positive in elk, although this remains unproven.

Earlier studies have not shown any evidence for trans-
mission of CWD to humans (33—-35). CWD has been trans-
mitted to cattle by intracerebral but not by oral inoculation
(306), and no reports have found that co-pasturing of CWD-
infected deer or elk with cattle has resulted in transmission.
Furthermore, in vitro assays designed to test the susceptibil-
ity of humans or cattle to CWD suggested a very low prob-
ability of transmission to humans (37). Sheep, however,
are likely to be more susceptible to CWD. They have been
infected by intracerebral inoculation (38), and at a molecu-
lar level, CWD PrPres was shown to convert sheep PrP to
the disease-associated form with relatively high efficiency
(37). Thus, among livestock, sheep might be a possible
target for CWD infection in appropriate situations such as
co-pasturing. Also, a CWD agent from putatively infected
sheep could have a host range not usually associated with
CWD and might cross species barriers more readily than
CWD from cervids. Thus, if CWD continues to expand in
deer and elk populations, the possibility of transmission to
noncervid species will require continued surveillance.
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West Nile Virus Viremia in Eastern
Chipmunks (Tamias striatus)
Sufficient for Infecting
Different Mosquitoes

Kenneth B. Platt,* Bradley J. Tucker,* Patrick G. Halbur,* Sonthaya Tiawsirisup,t Bradley J. Blitvich,*
Flor G. Fabiosa,* Lyric C. Bartholomay,* and Wayne A. Rowley*

In eastern chipmunks (Tamias striatus) inoculated
intramuscularly with 10" to 1057 PFU of West Nile virus
(WNV), serum titers developed sufficient to infect Aedes tri-
seriatus (Say), Ae. vexans (Meigen), and Culex pipiens (L.).
Mean titers (95% confidence interval) of 8 chipmunks were
103.9(3.34.5), 106.7(6.4—7.0), and 105.8(4.1—7.5) PFU/mL on dayS 1_3
postinoculation (p.i.) and 1058 PFU/mL in 1 chipmunk on
day 4 p.i. Mean estimated days that WNV titers were >1048
and >10%¢ were 1.7 (1.1-2.3) and 1.4 (1.0-1.6). The lon-
gest period of viremia >10%® PFU/mL was 3—4 days. WNV
antigen was detected in the small intestine of 2 chipmunks
and the kidneys of 4 chipmunks by immunohistochemistry.
WNYV also was detected in urine, saliva, and feces of some
chipmunks. These data suggest chipmunks might play a
role in enzootic WNV cycles and be an amplifying host for
mosquitoes that could infect humans.

he role of mammals in the ecology of West Nile virus

(WNYV) has not been well defined. In many mam-
mals, levels of viremia sufficient to infect mosquito vec-
tors do not develop (/). However, mosquito-infective
viremia levels do occur in some mammals such as the
golden hamster (Mesocricetus auratus), in which WNV
serum titers can exceed 10°° tissue culture infective dose
(TCID),,/mL (2), and the fox squirrel (Sciurus niger), in
which a maximum titer of 10>° PFU/mL was reported (3).
Mosquito-infective WNV serum titers with a mean dura-
tion of 2.2 + 0.6 days also have been demonstrated in
the eastern cottontail rabbit (Sylvilagus floridanus) (4).
Minimum estimated infection rates of 12% and 21% oc-
curred in Culex pipiens (L.) and Cx. salinarius (Coq.)
after they fed on cottontail rabbits with WNV serum ti-

*lowa State University, Ames, lowa, USA; and TChulalongkorn Uni-
versity, Bangkok, Thailand

ters of 10*°~10°° TCID, /mL. Infection rates increased to
21% and 25% at WNV titers of 10°°-10°° TCID, /mL. The
magnitude and duration of WNV viremia levels in cotton-
tail rabbits and fox squirrels, which are peridomestic, raise
the question of whether other mammals can serve as WNV-
amplifying hosts for mosquitoes in enzootic WNV cycles,
with potential for transmission to humans.

This study describes the effect of needle inoculation—
induced WNYV infection in the eastern chipmunk (Tamias
striatus). We also demonstrate the potential of chipmunks
to serve as a WNV-amplifying host for Cx. pipiens, Aedes
triseriatus (Say), and Ae. vexans (Meigen). These species
were selected for the study because they share habitats
in common with chipmunks in rural and suburban areas.
Cx. pipiens is a major WNV enzootic and bridge vector
in North America (3,6). It is ornithophilic but will feed on
mammals (7-9), especially as it shifts its feeding prefer-
ence during late summer and early fall (10). Ae. triseriatus
and Ae. vexans are competent laboratory vectors of WNV
(6), and this virus has been isolated from field specimens
(11,12). Both species feed primarily on mammals (6) but
also will feed on avian species (9,13,14).

Methods

Cells, Media, Diluents, and Solutions

Vero 76 cells were used for virus propagation, plaque
assays, and virus isolation. Growth medium (GM) was
Dulbecco modified Eagle medium (GIBCO, Invitrogen
Corp., Carlsbad, CA, USA) that contained 10% heat-inac-
tivated fetal bovine serum (FBS) and 2.0 mmol/L L-gluta-
mine. Maintenance medium (MM) was GM with 1% FBS.
Overlay medium (OM) for virus assay was 1 part MM
and 1 part 2% agarose (Difco, Becton, Dickinson and Co.,
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Sparks, MD, USA), prepared in Hanks’ balanced salt solu-
tion (GIBCO, Invitrogen Corp.). Virus diluent was 1 part
MM and 1 part CO,-independent medium (GIBCO, Invit-
rogen Corp.) containing 1% FBS. Mosquito grinding dilu-
ent (GD) was GM supplemented with 20% FBS. Twenty
milligrams of gentamicin sulfate (GentaMax100, Phoenix
Pharmaceuticals, Inc., Belmont, CA, USA) was added per
100 mL of all media and diluents. Feeding solution for cap-
illary tubes used for collecting saliva in artificial transmis-
sion assays consisted of 5% (w/v) sucrose and 0.5% FBS in
0.15 mmol/L phosphate-buffered saline, pH 7.0.

Virus and Virus Assay

WNV strain IA02-crow was used in all experiments.
The virus was isolated from a crow in Iowa in 2002 and
passed 4x in Vero 76 cell cultures (/5). Virus was assayed
by the plaque method. Serial 10-fold dilutions of serum
were made in cold (=4°C) virus diluent. Individual 6-well
cell culture plates containing confluent Vero 76 cell mono-
layers were inoculated in duplicate with 0.75 mL of each
virus dilution and incubated for 75 min at 37°C in a 5%
CO, atmosphere. The inoculums were replaced with 3 mL
of OM, and plates were maintained at 37°C. Three days lat-
er, an additional 3 mL of OM containing 2% stock neutral
red solution (Sigma Aldrich, Saint Louis, MO, USA) was
added to the original overlays. Plates were maintained at
37°C overnight; plaques were then counted and titers were
expressed as PFU/mL.

Experimental Animals

Mature eastern chipmunks were captured with live
traps (H.B. Sherman Traps, Tallahassee, FL, USA) in Sto-
ry County, lowa, in the fall of 2005 under a state of lowa
permit. Chipmunks were verified to be free of antibodies
to WNV by an epitope-blocking ELISA (/6). Chipmunks
were housed in individual cages in the biosafety level 3 ani-
mal facility at [owa State University (ISU) and treated and
handled in accordance with guidelines established by the
ISU Institutional Animal Care and Use Committee. Chip-
munks were anesthetized with ketamine/aceopromazine at
10:1.0 mg/kg for mosquito feeding and blood collection.
Chipmunks were bled once from the retroorbital plexus of
each eye and once from the heart. Blood was not collected
again from the retroorbital plexus of either eye for at least
7 days, or from the heart unless the bleeding was termi-
nal. Two-day-old WNV antibody—free broiler chickens
(Hoover’s Hatchery, Inc., Rudd, IA, USA) were used to
detect virus transmission by mosquitoes that previously fed
on infected chipmunks.

Mosquitoes

Ae. triseriatus and Cx. pipiens were collected in lowa
and colonized in 2002. Ae. vexans were first-generation
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mosquitoes collected in central lowa during the summer of
2004. Mosquitoes were maintained on 10% sucrose (w/v)
in controlled conditions (27°C + 1°C and 80% =+ 5% rela-
tive humidity) with a 16:8-hour photoperiod. Mosquitoes
were deprived of sucrose for 48 hours and water for 24
hours before feeding on chipmunks and chickens or before
artificial transmission experiments.

Virus Isolation from Mosquitoes

Mosquitoes were killed by freezing. Whole insects,
bodies without legs and wings, and legs alone were triturat-
ed individually in 1.5-mL microcentrifuge tubes containing
300 pL of cold (=4°C) GD. For artificial transmission as-
says, the contents of individual capillary tubes containing
saliva of mosquitoes were deposited into 300 pL of GD
and stored at —70°C until assayed. Samples were thawed at
37°C and brought to a final volume of 2 mL with cold MM.
Approximately 1.6 mL of each sample was passed through
a 0.45-um filter onto a confluent cell monolayer in a 25-
cm? cell culture flask. The remaining volume was stored at
—70°C. Inoculated flasks were incubated for 1 h at 37°C,
and then 5 mL of MM was added. Inoculated cell cultures
and controls were observed daily for cytopathic effects
(CPE) for up to 7 days postinoculation (p.i.). WNV speci-
ficity of CPE was confirmed by the VecTest WNV/SLE
antigen assay (Microgenics Corp., Freemont, CA, USA).

Epitope-blocking ELISA

Serum samples were tested for antibodies to flavivirus-
es by a blocking ELISA as previously described (/6). The
ELISAs were performed by using the WNV-specific mono-
clonal antibody (MADb) 3.1112G (Chemicon International,
Temecula, CA, USA) or the flavivirus-specific MAb 6B6C-
1, obtained from the Division of Vector-Borne Infectious
Diseases, Centers for Disease Control and Prevention, Fort
Collins, Colorado, USA. The ability of test sera to block
binding of the MAbs to WNV antigen was compared to the
blocking ability of control sera from chipmunks without
antibodies to flaviviruses. Data were expressed as relative
percentages and inhibition values; a threshold >30% was
considered to indicate viral antibodies.

Histopathology and Immunohistochemistry

Tissue samples were fixed in 10% formalin and pro-
cessed for histologic examination by the Veterinary Diag-
nostic Laboratory at ISU following standardized protocols.
WNV-specific mouse ascites fluid (ATCC Catalog #VR-
01267CAF, Manassas, VA, USA) was used as the primary
antibody at a dilution of 1:2,000 to detect WNV antigen.
A 30-minute staining period was used. Processed tissues,
including negative controls, were evaluated blindly by a
veterinary pathologist for evidence of microscopic lesions
and scoring of the amount of WNV antigen in the tissues.
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The amount of WNV antigen in the tissues was given a
score of 0 (no staining), + (mild multifocal staining of indi-
vidual cells), ++ (moderate multifocal staining of cells), or
+++ (large amounts of antigen and large numbers of cells
staining).

Characterization of WNV Infection
of Eastern Chipmunks

Initially, 1 chipmunk was inoculated intramuscularly
(i.m.) with 10>7 PFU of WNV. Blood was collected 2 days
later and found viremic for WNV. Subsequently, 6 chip-
munks were divided into 2 equal groups. One group was
inoculated i.m. with 10*3 PFU of WNV and the other with
10'* PFU. An eighth chipmunk was subsequently inoculat-
ed with 10 PFU. Serum specimens for WNV assay were
collected on days 14 p.i. and then not again until day 8 p.i.
If we encountered difficulty in obtaining blood, we aborted
the procedure. Swabs of oral and rectal cavities of chip-
munks that were inoculated with WNV were taken on days
1-3 p.i. and assayed for WNV. Swabs of urine also were
collected from chipmunks when possible.

Tissues—including the brain, spinal cord, lung, heart,
skeletal muscle, liver, kidney, spleen, pancreas, small and
large intestine, adrenal glands, and salivary glands—were
collected from all chipmunks. These tissues were examined
for gross and microscopic lesions and assayed by immu-
nohistochemical tests for WNV antigen. Tissues from 1
chipmunk that had not been inoculated served as negative
controls.

Eastern Chipmunks as Source of WNV for Mosquitoes

Groups of up to 15 Ae. triseriatus, Ae. vexans, and
Cx. pipiens in the same container were fed on chipmunks
between days 1 and 4 p.i. The blood-fed mosquitoes were
separated by species, maintained for 14 to 15 days as de-
scribed previously, and assayed for WNV infection. Ae. tri-
seriatus also were assayed for disseminated infections.

Ae. triseriatus transmission of WNV was determined
by feeding mosquitoes on 2-day-old chickens or by permit-
ting mosquitoes, from which wings and legs were removed,
to feed for 20 minutes from capillary tubes containing feed-
ing solution. Transmission was confirmed by detecting
WNV in blood that was collected from chickens ~48 hours
after mosquitoes fed, or in the contents of capillary tubes
from which mosquitoes fed.

Results

Characterization of WNV Infection
of Eastern Chipmunks

WNV viremia developed in all 8 chipmunks (Figure 1)
after they were infected with the virus by needle inocula-
tion. Viremia titers peaked on day 2 p.i. and were generally
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higher in those chipmunks that were inoculated with higher
doses of virus. Peak WNV titers of 107* and 10" PFU/mL
of serum occurred in 2 chipmunks that were inoculated with
10%¢ or 10** PFU of WNV, respectively. The highest titer
observed in chipmunks inoculated with 10 PFU of WNV
was 10%° PFU/mL. The mean estimated number of days and
95% confidence intervals that WNV serum titers remained
>10** PFU/mL and >10°¢ PFU/mL were 1.7 (1.1-2.3) and
1.4 (1.0-1.6), respectively. The longest period of time that
WNV titers were >10** PFU/mL was at least 3 days and
occurred in a chipmunk that was inoculated with 10** PFU
of WNV. No WNV was detected in serum specimens from
3 chipmunks that were bled on day 8 p.i.

No WNYV was isolated from oral or rectal cavities of
infected chipmunks on day 1 p.i., but WNV was isolated
on day 2 p.i. from the oral cavities of 4 chipmunks. On day
3 p.i., WNV was isolated from the oral cavities of 4, the
rectal cavities of 3, and the urine of 2 chipmunks.

No signs of illness were observed in any of the WNV-
infected chipmunks during the first 8 days p.i. Two chip-
munks died on days 1 and 2 p.i. during sampling, and a
third chipmunk was killed on day 4 p.i. to obtain blood
for WNV assay. The first potential signs of WNV infec-
tion were observed in the remaining 5 chipmunks between
days 9 and 11 p.i. In 3 chipmunks, neurologic symptoms
developed, characterized by head tilt and incoordination;
the chipmunks were humanely killed. A fourth chipmunk
became lethargic and was reluctant to move; it also was
humanely killed. A fifth chipmunk had no signs of illness
but died unexpectedly on day 27 p.i. WNV-specific anti-
body was detected in 3 chipmunks that were bled on day
8,11, or 14 p.i.

8 (6.6-7.2)
- (4.5-8.9)
- |
E 7
Z 6 (44-50)
o
55
[=]
= Mean (95%CI) /
L 4 (2.5-7.3)  dose (logy PFU)
2
E 3 ® /57
2 5 — ——/35
2 R —A—/26
=1 —-—/15

0

1 2 3 4

Days postinoculation

Figure 1. West Nile virus (WNV) viremia profile in 8 eastern
chipmunks (Tamias striatus) that were inoculated intramuscularly
with virus. One chipmunk received 105" PFU of WNV and was
sampled only on day 2 postinoculation (p.i.). Three chipmunks
received 10%° PFU of WNV, 1 received 10%¢ PFU, and 3 received
10"5 PFU. The number of chipmunks that received 10%% PFU of
WNYV decreased to 2 on day 3 p.i. and to 1 on day 4 p.i. The number
of chipmunks that received 10" PFU of WNV was 2 on days 2 and
3 p.i.
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No gross lesions were observed in any chipmunk;
however, microscopic lesions and/or WNV antigen were
observed in tissues of 4 of 8 infected chipmunks (Table 1).
Mild to moderate multifocal lymphoplasmacytic menin-
goencephalitis with gliosis and neuronal necrosis was ob-
served in 2 chipmunks on days 9 and 11 p.i. Mild lympho-
histiocytic perivascular cuffing of vessels with moderate
to severe multifocal hemorrhage throughout the brain was
present in 1 of these 2 chipmunks. WNV antigen also was
detected in neurons of both chipmunks. Mild lymphoplas-
macytic and histiocytic hepatitis were observed in 3 chip-
munks. Viral antigen was also detected in Kupffer cells and
macrophages of 2 of these 3 chipmunks. Mild multifocal
lymphoplasmacytic interstitial nephritis with mild focal re-
nal tubular necrosis was observed in 2 chipmunks on days
9 and 11 p.i. WNV antigen was present in renal tubular
epithelial cells and in the renal arterial walls (Figure 2) of
these 2 chipmunks and in 2 others in which no kidney le-
sions were found. WNV antigen in the absence of lesions
was demonstrated in the muscularis mucosa, scattered mu-
cosal epithelial cells, and mononuclear cells in the lamina
propria of the small intestine of 2 chipmunks.

Eastern Chipmunks as a Source of WNV
for Mosquitoes

The feeding success rates of Ae. triseriatus, Ae. vexan,
and Cx. pipiens on viremic chipmunks were 68%+ 5%,
27% £ 6%, and 8% =+ 4%, respectively. The WNV infec-
tion rates of the 3 mosquito species that fed on these chip-
munks are summarized in Table 2. Disseminated infections
developed in 5 of the 6 WNV-infected Ae. triseriatus that
fed on chipmunks with WNV serum titers >10%¢ PFU/mL.
Two (67%) of 3 Ae. triseriatus with disseminated infec-
tions transmitted WNV in an artificial transmission assay.
One Ae. triseriatus with a disseminated infection that fed
on a 2-day-old chicken did not transmit WNV.

Discussion

In chipmunks infected with WNV, viremia titers de-
veloped that were sufficient to infect mosquitoes. This find-
ing is noteworthy because the eastern chipmunk is ubig-
uitous throughout forested, rural, and suburban areas of
southeastern Canada, and in the eastern United States, with
the exception of the eastern parts of North and South Caro-
lina, Georgia, and most of Florida. Its western range is de-
scribed by a boundary extending from northwestern North
Dakota to southeastern Louisiana (/7). Because of its high
reproductive potential, the eastern chipmunk frequently
becomes a pest around homes, gardens, and public parks.
Because of the chipmunk’s close association with humans,
and its susceptibility to WNV manifested by viremia levels
of relatively long duration and high titers (Figure 1), this
species, like the cottontail rabbit (4), is a potential source of
WNYV for zoophilic and opportunistic mosquito vectors that
have the potential to transmit WNV to humans.

The potential importance of the eastern chipmunk as
an amplifying host was demonstrated by the persistence of
WNV serum titers >10*% and 10°¢ PFU/mL for average pe-
riods of 1.7 (1.1-2.3) and 1.4 (1.0-1.6) days, respectively.
These levels of viremia were sufficient to infect lowa strains
of Ae. triseriatus, Ae. vexans, and Cx. pipiens that fed on
viremic chipmunks (Table 2). Other investigators also have
shown that these 3 mosquito species can become infected
by the levels of WNV that occur in chipmunks. The regres-
sion model developed by Erickson et al. (/5) to character-
ize WNV susceptibility of an lowa strain of Ae. triseriatus
predicts an infection rate of 26% after mosquitoes feed on
a host with a WNV serum titer of 103 PFU/mL. This infec-
tion rate is similar to what we observed in the present study
(Table 2). WNV infection and transmission rates of 31%
and 12% also have been reported for an eastern strain of Ae.
triseriatus that fed on chickens with titers of 107! PFU/mL
blood (6), a level of viremia that was exceeded in 2 (25%) of
the 8 chipmunks infected with WNV in our study. Similarly,

Table 1. Histologic lesions observed in eastern chipmunks (Tamias striatus) after intramuscular inoculation with West Nile virus (WNV)

Chipmunk Experiment Microscopic lesions}/WNV antigen§|

no. no. WNV dose*  Day of deatht Brain Liver Spleen Kidney Small intestine
1 1 5.7 11 (E) —/- —/- /- —I- /-

2 2 35 2(S) —/- —/- —/- —/- —/-

3 2 35 11 (E) +H/+++ +/—- /- +/+ /-

4 2 35 4 (8S) —/- +/++ —/+ —/+ —/+

5 2 1.5 27 (V) —/- —/- —/- —/- —/-

6 2 1.5 1(S) /- /- /- /- /-

7 2 1.5 14 (E) —/- —/- —/- —/+ —/-

8 3 2.6 9 (E) +4[++ +++ —/- +/++ —++

*Log1o PFU of WNV.

tDay of death, day postinoculation that death occurred by euthanasia (E) if a chipmunk had symptoms that prevented it from ambulating to or consuming
water or food; S, death associated with sampling; U, cause of death not determined.

1By histologic examination, lesions were not present (=), mild (+), moderate (++), or severe (+++).

§By histologic examination, WNV antigen was absent (=), mild (+), moderate (++), or extensive (+++).

f[Organs with no detectable lesions or WNV antigen included heart, lung, adrenal and salivary glands, large intestine, pancreas, and urinary bladder.
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Figure 2. Sections of chipmunk tissues 9 days after intramuscular
inoculation with West Nile virus (WNV). A) Lesions were absent,
but WNV antigen (brown staining) was demonstrated in scattered
epithelial cells and in macrophagelike cells in the lamina propria
of the small intestine. B) WNV antigen (brown staining) was
demonstrated in necrotic renal tubular epithelial cells. Tissues were
stained with hematoxylin, and WNV-specific mouse ascites fluid
(ATCC Catalog #VR01267CAF) was used as the primary antibody
for immunohistochemical staining. Scale bars = 50 um.

WNV infection and transmission rates of 44% and 11%, and
32% and 23%, respectively, have been reported for eastern
and western strains of Ae. vexans that fed on chickens (6)
or hanging drops of defibrinated blood (/8) with titers of
107! PFU/mL. Studies in our laboratory also showed infec-
tion and transmission rates of 28% and 9% for Ae. vexans
that fed on chickens with WNV serum titers of 10°° to 10>
PFU/mL, respectively (S. Tiawsirisup, unpub. data). These
same studies demonstrated WNV infection and transmission
rates of 43% and 16% for Cx. pipiens that fed on chickens
with titers ranging from 10°! to 10°* PFU/mL, respectively.
WNV infection and transmission rates of 100% and 71%,
respectively, also have been reported for a California strain
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of Cx. pipiens that fed on blood with a titer of 10”! PFU/mL
(18). These observations suggest that all 3 of these species
could be involved in a mosquito-chipmunk-mosquito cycle.
However, field studies of host preference for Cx. pipiens col-
lected throughout mosquito seasons would be necessary for
determining the potential role of Cx. pipiens in a mosquito-
chipmunk-mosquito cycle.

Other zoophilic and opportunistic mosquito species,
commonly found in habitats used by chipmunks, which
could be infected by feeding on viremic chipmunks include
Ae. trivittatus (Coq.), Ae. albopictus (Skuse), and Cx. sa-
linarius. Cumulative infection and transmission rates of
70% and 24%, respectively, have been reported for an lowa
strain of Ae. trivittatus that fed on chickens with WNV se-
rum titers of 10°° to 107° TCID, /mL (19). Sardelis et al.
(20) reported WNV infection and dissemination rates up to
53%, and 49% for 3 North American strains of Ae. albopic-
tus that fed on chickens with blood titers of 1037 PFU/mL.
Infection and estimated transmission rates of 95% and 34%
were reported for a Texas strain of Cx. salinarius that fed
on chickens with WNV blood titers of 1046 PFU/mL (21),
and a minimum estimated infection rate of 21% occurred
in Cx. salinarius that fed on cottontail rabbits with WNV
serum titers of 10** to 10** TCID, /mL (4).

Four (80%) of the 5 WNV-infected chipmunks that were
maintained beyond day 4 p.i. died. The other 3 chipmunks
were not maintained beyond day 4 p.i. The deaths of 2 chip-
munks on days 1 and 2 p.i. could be attributed to sampling
stress or anesthesia, as observed during field surveys; how-
ever, WNV infection may have contributed to their deaths
because both animals exhibited WNV viremia.

Microscopic lesions observed in the brain, kidney, and
liver in some chipmunks were similar to lesions described
in related species such as the golden hamster and the fox
squirrel (2,3,22). The absence of detectable lesions or
WNV antigen in any tissues of chipmunks 2 and 6 on days
1 and 2 p.i. and the absence of brain lesions or WNV anti-
gen in chipmunks 1 and 7 on days 11 and 14 p.i. were not
unexpected (Table 1). Xiao et al. (2) did not observe any
marked histopathologic changes in the kidney, liver, lung,
heart or pancreas of hamsters during the first 10 days p.i.,
although “spotty splenic necrosis” was observed in some
hamsters. However, Xiao et al. did observe the beginning
of lesions in many areas of the brain on day 5 p.i. These le-
sions became more numerous throughout the brain by day 6
p-i. but by day 10 p.i. were found mostly in the brain stem.
Thus, detectable lesions might have been present earlier in
the brain of chipmunks 1 and 7 but diminished to undetect-
able limits by days 11 and 14 p.i.

The presence of WNV in the urine, saliva, and rectum
of some chipmunks raises the question of whether chip-
munks can be infected by the fecal-oral route. Oral infection
by WNV has been documented in the golden hamster (23),
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Table 2. Infection rates of Aedes triseriatus (Say), Ae. vexans (Meigen), and Culex pipiens (L.) after feeding on viremic eastern

chipmunks (Tamias striatus) infected with West Nile virus (WNV)

Ae. triseriatus Ae. vexans Cx. pipiens
WNV serum No. blood % Positive No. blood % Positive No. blood % Positive
titer* mealst (no. blood-fed) meals (no. blood-fed) meals (no. blood-fed)
3.1-4.4 3 0(27) 2 0(10) 2 0 (6)
4.8 2 0(19) 1 0(1) 1 0(1)
5.6-5.8 2 23 (13) 2 0(4) 1 0(1)
6.0-6.9 5 0(14) 3 15(13) 2 50 (2)
7.2-7.8 2 25(12) 2 40 (5) NDi

*Log1o, PFU of WNV.
1No. chipmunks providing blood meals.
1ND, not done.

the American alligator (Alligator mississippiensis) (24), the
domestic cat (Felis catus) (25), and some raptors (26). Non-
mosquito transmission from infected to naive chipmunks
might be a mechanism that could contribute to the main-
tenance of WNV between epidemic periods, particularly if
WNV establishes a persistent infection in chipmunks. Re-
cently, Tesh et al. (27) described persistent WNV infection
in golden hamsters, which shed WNV in urine for up to 247
days p.i. in the presence of serum neutralizing antibody.
WNV also has been isolated from kidney tissue of rhesus
macaques (Macaca mulatta) 5.5 months after infection
(28). WNV RNA also has been isolated from the spleen,
lung, and kidney of birds 6 weeks after experimental infec-
tion (29). These findings indicate that WNV can persist in
some mammals and birds. The presence of WNV antigen
in kidney tissue of a chipmunk at 14 days p.i. (Figure 2)
in the presence of antibody could indicate that persistent
WNV infections also occur in chipmunks. Whether persis-
tent infection occurs and how long it remains are subjects
of further study.

Additional study to determine the role of the chipmunk
in the ecology of WNV is justified for the following rea-
sons: 1) the high levels of viremia in chipmunks after in-
jection of WNV doses that can be delivered by a variety
of mosquitoes (30,317), 2) the WNV vector competence of
several zoophilic and opportunistic mosquitoes that share
the same habitats with chipmunks, and 3) the possibility of
persistent infection. These studies should include charac-
terizing the profile of the WNV viremia after infection by
mosquito bite because the onset and level of viremia can be
affected by components in mosquito saliva (32). Determin-
ing the seasonal seroprevalence of antibodies to WNV in
chipmunk populations in WNV-endemic areas and mortal-
ity rates after natural infection also would provide an in-
dication of the relative importance of the chipmunk in the
ecology of WNV.
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Antimicrobial Drug-Resistant
Escherichia coli from Humans

and Poultry

Products, Minnesota

and Wisconsin, 2002-2004

James R. Johnson,*t Mark R. Sannes,*t! Cynthia Croy,*t Brian Johnston,*t Connie Clabots,*t
Michael A. Kuskowski,*t Jeff Bender,1 Kirk E. Smith,§ Patricia L. Winokur,f#
and Edward A. Belongia**

The food supply, including poultry products, may trans-
mit antimicrobial drug—resistant Escherichia coli to humans.
To assess this hypothesis, 931 geographically and tempo-
rally matched E. coli isolates from human volunteers (hos-
pital inpatients and healthy vegetarians) and commercial
poultry products (conventionally raised or raised without
antimicrobial drugs) were tested by PCR for phylogenetic
group (A, B1, B2, D) and 60 virulence genes associated
with extraintestinal pathogenic E. coli. Isolates resistant to
trimethoprim-sulfamethoxazole, quinolones, and extended-
spectrum cephalosporins (n = 331) were compared with
drug-susceptible isolates (n = 600) stratified by source.
Phylogenetic and virulence markers of drug-susceptible
human isolates differed considerably from those of human
and poultry isolates. In contrast, drug-resistant human iso-
lates were similar to poultry isolates, and drug-susceptible
and drug-resistant poultry isolates were largely indistin-
guishable. Many drug-resistant human fecal E. coli isolates
may originate from poultry, whereas drug-resistant poultry-
source E. coliisolates likely originate from susceptible poul-
try-source precursors.

Acquired resistance to first-line antimicrobial agents
increasingly complicates the management of extraint-
estinal infections due to Escherichia coli, which are a ma-
jor source of illness, death, and increased healthcare costs

*Minneapolis Veterans Affairs Medical Center, Minneapolis, Min-
nesota, USA; tUniversity of Minnesota, Minneapolis, Minnesota,
USA,; tUniversity of Minnesota, Saint Paul, Minnesota, USA; §Min-
nesota Department of Health, Saint Paul, MN; f[University of lowa,
lowa City, lowa, USA; #lowa City Veterans Affairs Medical Center,
lowa City, lowa, USA; and **Marshfield Clinic Research Founda-
tion, Marshfield, Wisconsin, USA
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(1—4). One suspected source of drug-resistant E. coli in hu-
mans is use of antimicrobial drugs in agriculture. This use
presumably selects for drug-resistant £. coli, which may be
transmitted to humans through the food supply (5—7). Sup-
porting this hypothesis is the high prevalence of antimicro-
bial drug—resistant E. coli in retail meat products, especially
poultry (8—117), and the similar molecular characteristics of
fluoroquinolone-resistant E. coli from chicken carcasses and
from colonized and infected persons in Barcelona, Spain, in
contrast to the marked differences between drug-susceptible
and drug-resistant source isolates from humans (72).

To further assess the poultry-human connection, we
used molecular typing to characterize drug-resistant and
drug-susceptible E. coli isolates from feces of human vol-
unteers or newly hospitalized patients in Minnesota and
Wisconsin and from poultry products sold or processed in
the same region. Resistance phenotypes of interest include
trimethoprim-sulfamethoxazole (TMP-SMZ), quinolones/
fluoroquinolones, and extended-spectrum cephalosporins.
These agents are used for treatment of human E. coli infec-
tions. These drugs (or congeners) are also used in poultry
production (e.g., each year in the United States an estimat-
ed 1.6 billion broiler eggs or chicks receive ceftiofur [/3]);
E. coli isolates resistant to these drugs are found in poul-
try. We examined, according to phylogenetic group distri-
bution and virulence gene profile, whether drug-resistant
human isolates more closely resemble susceptible human
isolates, which is consistent with acquisition of resistance
within humans, or instead resemble poultry isolates, which
is consistent with foodborne transmission of poultry-source
organisms to humans. We also examined whether poultry-
'Current affiliation: Park Nicollet Clinic, Saint Louis Park, MN, USA
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source resistant and susceptible isolates are similar, which
is consistent with emergence of resistance on farms under
selection from agricultural use of antimicrobial drugs.

Methods

Participants and Bacterial Strains

Human fecal samples were collected from 622 adults
newly admitted to local hospitals in 4 rural communities in
Minnesota (Willmar) or Wisconsin (Eau Claire, La Crosse,
and Marshfield) and from 100 healthy self-identified veg-
etarians in these and nearby communities (/4). Hospi-
tal patients were recruited from June 2002 through May
2003, vegetarians during the first 6 months of 2004. Fecal
samples were collected by study personnel by using rectal
swabs (hospital patients) or by the participants (vegetar-
ians). To prevent isolation of hospital-acquired flora, inpa-
tients samples were collected within 36 hours of hospital
admission. Guidelines of the authors’ institutions regard-
ing use of human subjects were followed in this study. The
relevant institutional review boards reviewed and approved
the protocol. All participants provided informed consent.

A total of 180 retail poultry products (155 chicken and
25 turkey) were sampled (/4). Conventional brands were
purchased systematically from all food markets in the 4
primary study communities from May 2002 through May
2003, with 40 retail items obtained per community (total
160 items). These represented at least 18 plants in 11 states.
Twenty samples with labels indicating that the poultry were
raised naturally or without antibiotics were purchased in or
near the study communities in August 2004. Additionally,
40 freshly slaughtered chicken carcasses from local farm-
ers who raised chickens naturally or without antibiotics
were obtained during plant inspections by the Minnesota
Department of Agriculture from September 2003 through
August 2004. The latter 2 groups of chickens, designated
“no antibiotics,” were confirmed to have been raised with-
out antibiotics, based on the product label or by contacting
the manufacturer or distributor.

Sample Processing

Human fecal samples were suspended and poultry
samples and carcasses were massaged in nutrient broth,
which was then incubated overnight at 37°C and stored as
aliquots at —80°C in glycerol (/4). Portions of these fro-
zen stocks were transferred to vancomycin-supplemented
(20 mg/L) Luria-Bertani broth. After overnight incubation,
these broths were plated directly onto modified Mueller-
Hinton (MMH) agar (Amyes medium) (/0) with and with-
out ciprofloxacin (4 mg/L) and (separately) nalidixic acid
(32 mg/L), and were then incubated overnight. Samples of
these Luria-Bertani broths containing vancomycin were
placed in MMH broths supplemented individually with

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 13, No. 6, June 2007

Drug-Resistant E. coli from Humans and Poultry

TMP-SMZ (4 mg/L TMP plus 76 mg/mL SMZ), cefoxitin
(10 mg/L and 32 mg/L), and ceftazidime (10 mg/L and 32
mg/L). After overnight incubation, these broths were plated
onto MMH agar plates supplemented with the correspond-
ing agent (same concentrations) for overnight incubation.
Colonies resembling E. coli were identified by using the
API-20E System (bioMérieux, Marcy-1"Etoile, France).

Susceptibility Testing

At least 1 E. coli colony was randomly selected from
each MMH agar plate and tested for disk susceptibility to
24 antimicrobial agents by using Clinical Laboratory Stan-
dards Institute (CLSI)-recommended methods, interpretive
criteria, and reference strains (/5). For isolates resistant to
TMP-SMZ, nalidixic acid, or ciprofloxacin, the MIC was
determined by Etest (AB-Biodisk, Sona, Sweden) accord-
ing to the manufacturer’s directions. Isolates from cefoxi-
tin- and ceftazidime-supplemented plates underwent broth
dilution MIC determinations with cefotaxime and ceftazi-
dime regardless of disk test results. Isolates were classified
as resistant to TMP-SMZ if the TMP MIC was >4 mg/L
and the SMZ MIC was >76 mg/L, to quinolones if the na-
lidixic acid MIC was >32 mg/L, to fluoroquinolones if the
ciprofloxacin MIC was >4 mg/L, and to extended-spectrum
cephalosporins if the MIC to either cefotaxime or ceftazi-
dime was >16 mg/L. The latter threshold corresponds with
intermediate susceptibility per CLSI criteria and includes
isolates with potentially clinically relevant reduced suscep-
tibility. Because of the small number of isolates within each
resistance phenotype, isolates were classified as resistant if
they met any of these resistance criteria. Isolates that did
not meet any of these resistance criteria were classified as
susceptible, even though they may have had reduced sus-
ceptibility to other drug classes.

From each sample, 1 colony of each resistance phe-
notype (TMP-SMZ, quinolones, fluoroquinolones, extend-
ed-spectrum cephalosporins) and 1 susceptible isolate, as
available, were selected. If multiple isolates from a given
sample exhibited similar disk diffusion susceptibility pro-
files, genomic profiles as generated by using random ampli-
fied polymorphic DNA (RAPD) analysis were compared
in the same gel (/2). One representative of each unique
RAPD genotype (as determined by visual inspection) was
arbitrarily selected for further analysis.

Phylogenetic Analysis and Virulence Genotyping

All isolates were categorized as to major E. coli phylo-
genetic group (A, B1, B2, or D) by a multiplex PCR-based
assay (/6) (Table 1). Genes encoding proven or putative
virulence factors of extraintestinal pathogenic E. coli (Ex-
PEC) were detected in a sequential fashion. All isolates
were screened for 5 EXPEC-defining virulence genes and
hlyD (hemolysin). Isolates were operationally defined as
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Table 1. Bacterial traits by source and antimicrobial drug resistance in 931 Escherichia coli isolates from human feces and poultry

products, Minnesota and Wisconsin, 2002—-2004*

Prevalence, no. (%) p valuef
Total Human, susceptible  Human, resistant Poultry HS vs. all HR vs. all
Traitt (n=931) (n =460) (n=70) (n =401) HS vs. HR poultry poultry
Group A 252 (27) 96 (21) 23 (33) 133 (33) <0.001
Group B1 186 (20) 79 (17) 11 (16) 96 (24)
Group B2 234 (25) 178 (39) 13 (19) 43 (11) <0.001 <0.001
Group D 259 (28) 107 (23) 23 (33) 129 (32) <0.01
papA 124 (13) 98 (21) 6(9) 20 (5) <0.001
papC 163 (18) 100 (22) 10 (14) 53 (13) <0.001
sfa/focDE 69 (7) 65 (14) 2(3) 2(0.5) <0.01 <0.001
afa/draBC 19 (2) 14 (3) 5(7) 0(0) <0.001 <0.001
iutA 361 (39) 93 (20) 32 (46) 236 (59) <0.001§ <0.001§
kpsM I 288 (31) 195 (42) 23 (33) 70 (17) <0.001 <0.01
hlyD 71(8) 64 (14) 2(3) 4(1) <0.01 <0.001
ExPEC 249 (27) 147 (32) 20 (29) 82 (20) <0.001

*Data are for the total population. Susceptible, susceptible to trimethoprim-sulfamethoxazole, nalidixic acid (quinolones), and ceftriaxone or ceftazidime
(extended-spectrum cephalosporins), regardless of other possible drug resistance; resistant, resistant to 1 of the following: trimethoprim-
sulfamethoxazole, nalidixic acid (quinolones), and ceftriaxone or ceftazidime (extended-spectrum cephalosporins).

1Groups A, B1, B2, and D, major E. coli phylogenetic groups; papA and papC, P fimbriae structural subunit and assembly; sfa/focDE, S and F1C
fimbriae; afa/draBC, Dr binding adhesins; iutA, aerobactin system; kpsM I, group 2 capsule; hlyD, a-hemolysin; EXPEC, extraintestinal pathogenic E. coli
defined by presence of >2 of papA and/or papC (counted as 1), sfa/focDE, afa/draBC, iutA, and kpsM 1.

1By Fisher exact test. Values are shown only where p<0.01. HS, susceptible isolates from humans; HR, resistant isolates from humans. Because drug-
resistant and drug-susceptible poultry isolates showed only 1 significant difference (for iutA), they were combined into an all-poultry group.

§Negative association.

ExXPEC if >2 of the following were present: pap4 and/or
papC (P fimbriae structural subunit and assembly), sfa/
focDE (S and F1C fimbriae), afa/draBC (Dr binding ad-
hesins), iut4 (aerobactin system), and kpsM 11 (group 2
capsule) (8). All EXPEC isolates were then tested for 60
ExPEC-associated virulence genes and alleles thereof.
Testing was conducted by using 2 independently prepared
lysates of each isolate and established PCR-based methods
(12,17). Isolates from various source groups (e.g., hospital
volunteers, conventionally raised poultry) were tested in
parallel to avoid cohort effects. The virulence score was the
number of virulence genes detected adjusted for multiple
detection of the pap, sfa/foc, and kps operons (12).

Statistical Methods

The unit of analysis was the individual isolate. Com-
parisons of proportions were tested by using Fisher ex-
act test (2-tailed). Comparisons of virulence scores were
tested by using Mann-Whitney U test (2-tailed exact
probability). Principal coordinates analysis (PCA), also
known as metric multidimensional scaling, is a multivari-
ate statistical technique used to provide a simpler, low-
dimensional graphic summary of the similarity between
multiple samples (e.g., isolates) across multiple loci (18).
New axes for plotting the isolates are derived from a data
matrix of estimated dissimilarities between isolates. The
first 2 principal coordinates, which account for the most
variance, are used to plot the data. The distances between
points in the plot represent isolate similarity. The dimen-
sions represented by the (statistically uncorrelated) axes
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have no intrinsic meaning, i.e., they have no units. Using
GenAlIEx6 (19), we applied PCA to the screening dataset
(all isolates) and the extended virulence profile dataset
(ExPEC isolates) as a way to collapse the multiple vari-
ables for simplified among-group comparisons. For each
PCA, results for each isolate from the first 2 PCA axes
were used in multiple analysis of variance (MANOVA)
to test for among-group differences. These values also
were plotted to spatially represent the degree of separa-
tion or overlap of isolates on the 2-axis plane. For the
ExPEC isolates, pairwise similarity relationships accord-
ing to extended virulence profiles and phylogenetic group
were used to construct a dendrogram according to the
unweighted pair group method with arithmetic averages
(20). The criterion for statistical significance throughout
was p<0.01 to account for multiple comparisons.

Results

Isolation of Drug-Resistant and
Drug-Susceptible E. coli

Selective processing of 942 human fecal and poultry
samples yielded 931 unique E. coli isolates, which consti-
tuted the study population. Of the 931 isolates, 530 (57%)
were from human volunteers and 401 (43%) from poultry
products. Of the human isolates, 456 (86%) were from hos-
pital patients and 74 (14%) from vegetarians. Of the poul-
try isolates, 289 (72%) were from conventionally raised
retail poultry and 112 (28%) from poultry raised without
antibiotics. The median number of unique E. coli isolates
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per sample was 1 for human fecal samples and 2 for poultry
(range 14 for both).

Overall, 331 isolates (70 human, 261 poultry) were
classified as resistant on the basis of reduced susceptibility
to TMP-SMZ, quinolones/fluoroquinolones, and extended-
spectrum cephalosporins. The remaining 600 isolates (460
human, 140 poultry) were susceptible to all these drug
classes and were classified as susceptible (regardless of
other possible drug resistance). The resistant isolates were
distributed by resistance phenotype as follows: TMP-SMZ,
154 (47 human, 107 poultry); quinolones, 115 (26 human,
89 poultry); and extended-spectrum cephalosporins, 114
(14 human, 100 poultry). The 7 fluoroquinolone-resistant
isolates (5 human, 2 poultry) were analyzed within the qui-
nolone-resistant group.

Phylogenetic Distribution and Prevalence
of EXPEC-defining Markers

The initial screening showed the 931 isolates to be
fairly evenly distributed among the 4 major E. coli phylo-
genetic groups (20%—28% per group). However, they had
various prevalences (2%-39% each) of the screening Ex-
PEC virulence genes (Table 1). Overall, 27% of the isolates
qualified as EXPEC by having >2 of the 5 EXPEC-defining
markers (Table 1).

For enhanced resolution of similarities and differences,
the 243 available EXPEC isolates underwent extended viru-
lence genotyping for 60 ExXPEC-associated virulence genes.
All but 6 of these traits were detected in >1 isolate each, with
prevalences ranging from 0.4% to 98% (Table 2).

Prevalence Comparisons

Phylogenetic group distribution and virulence gene
prevalence differed considerably according to source (hu-
man versus poultry) and resistance status. This finding is
shown in Table 1 for all 931 isolates (screening virulence
genes only) and in Table 2 for the 243 ExPEC isolates
(extended virulence profiles). Drug-resistant and drug-sus-
ceptible human isolates were separately compared with the
combined group of all poultry isolates (i.e., all susceptible
and resistant). We analyzed poultry isolates as a single
group because the distribution of traits was similar in drug-
resistant and susceptible poultry isolates; i.e., only 1 trait
(iut4) was significantly associated with resistance among
poultry isolates.

Consistent differences in phylogenetic and virulence
gene distribution were evident between groups (Tables 1, 2).
First, drug-susceptible human isolates differed considerably
from drug-resistant human isolates. Second, drug-suscep-
tible human isolates differed from poultry isolates. Third,
although human drug-resistant isolates and poultry isolates
exhibited some differences, these were considerably fewer
and less extreme than those between drug-susceptible hu-
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man isolates and poultry isolates. Similar results were ob-
tained in subgroup analyses when isolates from hospital pa-
tient fecal samples were compared separately with isolates
from conventionally raised poultry or when isolates from
fecal samples from vegetarians were compared separately
with isolates from poultry raised without antibiotics.

PCA

PCA was used to concurrently analyze multiple bac-
terial characteristics. The first PCA was conducted for
the total population (n = 931) with the 7 screening viru-
lence genes plus phylogenetic group. According to a 2 x
2 (source x resistance status) MANOVA of the first 2 axes
of the PCA (which accounted for 65% of total variance),
all 3 independent variables considered (source, resistance
status, and interaction term) showed a p value <0.001. Ac-
cordingly, pairwise comparisons were made between in-
dividual source-resistance groups by 1-factor MANOVA.
Susceptible human isolates differed (p<0.001) from each
of the other 3 groups, whereas the other 3 groups differed
marginally from each other. The individual axes supported
this conclusion. These axes showed more extreme differ-
ences between drug-susceptible human isolates and each of
the other 3 groups (p<0.001 for 5 of 6 comparisons) than
among the other groups (p>0.01 for 4 of 6 comparisons).

Next, PCA was conducted for the 243 available Ex-
PEC isolates based on all 60 virulence genes plus phyloge-
netic group. According to an initial 2 x 2 MANOVA of the
results from the first 2 PCA axes (which accounted for 57%
of total variance), all 3 independent variables (source, resis-
tance status, and interaction term) showed a p value <0.001.
Accordingly, pairwise comparisons were made between in-
dividual source-resistance groups by 1-factor MANOVA.
Susceptible human isolates differed (p<0.001) from each
of the other 3 groups, whereas the other 3 groups did not
differ significantly from each another. In a plot of the (axis
l-axis 2) plane, drug-susceptible poultry isolates, drug-re-
sistant poultry isolates, and drug-resistant human isolates
overlapped and were confined largely to the left half of the
grid (negative values on axis 1). In contrast, drug-suscep-
tible human isolates, although overlapping somewhat with
these groups, were concentrated principally within the right
half of the grid (positive values on axis 1) (Figure 1).

Aggregate Virulence Scores

The various source and resistance groups were also
compared for aggregate virulence scores (ExPEC isolates
only). According to virulence score distribution, drug-sus-
ceptible human isolates (higher scores) segregated widely
from the other 3 subgroups (lower scores), which were
largely superimposed on each another (Figure 2). Because
drug-resistant and drug-susceptible poultry isolates had
similar virulence scores, they were combined for statistical
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analysis. Drug-susceptible human isolates had the highest
scores (median 13.0, range 4.25-20.0). Drug-resistant hu-
man and poultry isolates had significantly lower scores that
did not differ between humans and poultry (median 9.0,
range 6.0-15.25, and median 8.75, range 3.75-15.0, re-
spectively; vs. drug-susceptible human isolates, p<0.001).

Similar results were obtained when isolates from hospital
patient fecal samples were compared separately with the
conventionally raised poultry isolates or when isolates
from vegetarian fecal samples were compared separately
with isolates from poultry raised without antibiotics (data
not shown).

Table 2. Bacterial traits by source and antimicrobial drug resistance in 243 extraintestinal pathogenic Escherichia coli (EXPEC) isolates
from human feces and poultry products, Minnesota and Wisconsin, 2002—2004*

Prevalence, no. (%) p valuef
Total Human, susceptible ~ Human, resistant Poultry HS vs. all HR vs. all
Traitt1§ (n =243) (n = 144) (n =20) (n=79) HS vs. HR poultry poultry
Group A 20 (8) 5(3) 5(25) 10 (13) <0.01#
Group B1 7 (3) 0 0 7(9) <0.001# <0.001#
Group B2 154 (63) 125 (87) 6 (30) 23 (29) <0.001
Group D 62 (26) 14 (10) 9 (45) 39 (49) <0.001#
papA 117 (48) 97 (67) 7 (35) 13 (16) <0.01 <0.001
F10 allele 38 (16) 32 (10) 5 (25) 1(1) <0.001 <0.001
F16 allele 12 (5) 5(3) 5 (25) 2(3) <0.01# <0.01
F48 allele 21(9) 21 (15) 0 0 <0.001
papG Il 44 (18) 44 (31) 0 0 <0.01 <0.001
sfa/focDE 62 (26) 61 (42) 1(5) 0 <0.001 <0.001
sfaS 35 (14) 33 (23) 1(5) 1(1) <0.001
focG 13 (5) 12 (8) 1(5) 0 <0.01
afa/draBC 15 (6) 11 (8) 4 (20) 0 <0.01 <0.001
iha 52 (22) 38 (26) 16 (80) 0 <0.001# <0.001 <0.001
hra 108 (44) 67 (47) 2 (10) 39 (49) <0.001 <0.01#
cnf1 54 (22) 51 (35) 2 (10) 1(1) <0.001
hlyD 67 (28) 67 (28) 2 (10) 2 (3) <0.01 <0.001
hlyF 73 (30) 28 (19) 1(5) 44 (57) <0.001# <0.001#
sat 61 (25) 46 (32) 15 (75) 0 (0) <0.001# <0.001# <0.001#
pic 34 (14) 30 (21) 0 4 (5) <0.01
vat 131 (54) 113 (78) 3 (15) 15 (19) <0.001 <0.001
astA 48 (20) 7(5) 1(5) 40 (51) <0.001# <0.001#
iutA 162 (67) 67 (47) 18 (90) 77 (97) <0.001#
iroN 118 (49) 78 (54) 3 (15) 37 (47) <0.001 <0.01#
fyuA 199 (82) 138 (96) 17 (85) 44 (56) <0.001
kpsM I 215 (89) 137 (95) 16 (80) 62 (78) <0.001
K5 kpsM 35 (14) 28 (19) 4 (20) 3(4) <0.001
iss 69 (28) 23 (16) 2 (10) 44 (56) <0.001# <0.001#
usp 144 (59) 127 (88) 6 (30) 11 (14) <0.001 <0.001
H7 fliC 52 (21) 52 (36) 0 0 <0.001 <0.001
ompT 184 (76) 131 (91) 9 (50) 40 (51) <0.01 <0.001
malX 152 (63) 134 (93) 7 (35) 1(14) <0.001 <0.001

*Susceptible, susceptible to trimethoprim-sulfamethoxazole, nalidixic acid (quinolones), and ceftriaxone or ceftazidime (extended-spectrum

cephalosporins), regardless of other possible drug resistance; resistant, resistant to >1 of the following: trimethoprim-sulfamethoxazole, nalidixic acid
(quinolones), and ceftriaxone or ceftazidime (extended-spectrum cephalosporins).
tTraits are shown that showed p<0.01 for >1 comparison each. Groups A, B1, B2, and D, major E. coli phylogenetic groups; papA, P fimbriae structural

subunit with variants F10, F16, and F48; papG llI, variant P adhesin; sfa/focDE, S and F1C fimbriae; sfaS, S fimbriae; focG, F1C fimbriae; afa/draBC, Dr
binding adhesins; iha, adhesin-siderophore receptor; hra, pathogenicity island marker; cnf1, cytotoxic necrotizing factor 1; hlyD, a-hemolysin; hlyF, variant
hemolysin; sat, secreted autotransporter toxin; pic, autotransporter protease; vat, vacuolating autotransporter; astA, enteroaggregative E. coli toxin; iutA,
aerobactin system; iroN, siderophore receptor; fyuA, yersiniabactin receptor; kpsM |1, group 2 capsule; K5 kpsM, kpsM |l variant; iss, increased serum
survival; usp, uropathogenic-specific protein; H7 fliC, flagellar variant; ompT, outer membrane protease; malX, pathogenicity island marker.

I Traits that did not show p<0.01 but were detected in >1 isolate each include the F7-2, F8, F9, F11, F12, F12, F14, and F15 papA alleles, papC (P
fimbriae assembly), papEF (P fimbriae tip pilins), papG alleles | and Il (both internal and flanking sequences), afaE8 (variant Dr binding adhesin), gafD (G
fimbriae), F17 fimbriae, fimH (type 1 fimbriae), clpG (adhesin), cdtB (cytolethal distending toxin B), ireA (siderophore receptor), kpsM Il (group 3 capsule),
K1 and K2 kpsM |l variants, cvaC (microcin V), ibeA (invasion of brain endothelium), and rfc (O4 lipopolysaccharide biosynthesis).

§Traits not detected in any isolate include F7—1 and F536 papA alleles and K15 kpsM Il variant.

Y[By Fisher exact test. Values are shown only where p<0.01. HS, susceptible isolates from humans; HR, drug-resistant isolates from humans. Because
drug-resistant and drug-susceptible poultry isolates showed no significant differences, they were combined into an all-poultry group.

#Negative association.
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Figure 1. Principal coordinates analysis of distribution of 243
extraintestinal pathogenic Escherichia coli isolates from human
feces and poultry products, Minnesota and Wisconsin, 2002—
2004, on the axis 1—axis 2 plane. Data include extended virulence
genotypes (60 traits) and phylogenetic group (A, B1, B2, D). The
axes have no units; they reflect the total score for each isolate
derived by summing the isolate’s partial score for each variable,
which is the product of the loading score assigned to the particular
variable for a given axis and the isolate’s status for that variable.
Axis 1 (positive values to right, negative values to left of central
vertical line) accounted for 37% of total variance and showed
significant differences between susceptible human isolates
versus each of the other groups. Axis 2 (positive values above,
negative values below central horizontal line) accounted for 20%
of total variance and did not show any significant between-group
differences. Resistant, resistant to trimethoprim-sulfamethoxazole,
nalidixic acid (quinolones), and ceftriaxone or ceftazidime
(extended-spectrum cephalosporins). Susceptible, susceptible to
all these agents (regardless of other possible drug resistance).

Dendrogram of Extended Virulence Profiles
and Phylogenetic Group

Phylogenetic group and extended virulence profiles
among the 243 available EXxPEC isolates also were used to
construct a similarity dendrogram. The dendrogram showed
3 major clusters, each of which contained 2 prominent sub-
clusters (Figure 3). Isolates were distributed by cluster and
subcluster according to source and resistance group; that is,
drug-susceptible human isolates accounted for almost all
of subclusters 1a, 1b, and 2a. In contrast, drug-resistant hu-
man isolates were confined largely to subcluster 3a. Poultry
isolates, whether resistant or susceptible, were confined al-
most entirely to subclusters 2b, 3a, and 3b. Thus, compared
with drug-susceptible human isolates, drug-resistant hu-
man isolates were significantly more likely to occur within
a subcluster, or major cluster, that also contained poultry
isolates (p<0.001 for each comparison).

The possible effects of nonindependence among mul-
tiple isolates acquired from the same sample were assessed
by limiting the analysis to a single isolate per sample, keep-
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ing a drug-susceptible isolate (if available) and randomly
selecting among multiple drug-resistant isolates where re-
quired. This resulted in reduced sample sizes of 681 (to-
tal population) and 226 (ExPEC population). The analysis
results closely mirrored the pattern of significant findings
obtained in the full samples.

Discussion

In this study, we analyzed the phylogenetic distribu-
tion and virulence genotypes of drug-susceptible and drug-
resistant £. coli isolates from human volunteers and poultry
products in Minnesota and Wisconsin. We found that drug-
resistant human isolates, although overlapping somewhat
with drug-susceptible human isolates, were more similar
overall to poultry isolates than to drug-susceptible human
isolates. In contrast, drug-susceptible human isolates dif-
fered from poultry isolates. This relationship was observed
consistently with diverse analytical approaches and various
stratifications of the population. It suggests that many of
the drug-resistant human isolates were more likely to have
originated in poultry (or a similar nonhuman reservoir) and
to have been acquired by humans when these isolates were
already drug resistant, than to have emerged de novo in hu-
mans by conversion of drug-susceptible human isolates to
drug-resistant isolates.

We also found that, regardless of analytical approach
and population analyzed, resistant and susceptible poultry
isolates were highly similar. This suggests that the resistant
poultry isolates likely derived from antimicrobial drug—
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20 4 ==#== Human resistant
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= =A== Poultry resistant
O T T T 1
0 5 10 15 20

Virulence score

Figure 2. Distribution of virulence factor scores by source
and resistance status among 243 extraintestinal pathogenic
Escherichia coli isolates from human feces and poultry products,
Minnesota and Wisconsin, 2002-2004. Resistant, resistant to
trimethoprim-sulfamethoxazole, nalidixic acid (quinolones), and
ceftriaxone or ceftazidime (extended-spectrum cephalosporins).
Susceptible, susceptible to all these agents (regardless of other
possible resistances). The virulence scores of the susceptible
human isolates are an average of ~4 points greater than those of
the resistant human isolates or poultry isolates.
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Figure 3. Dendrogram based on extended virulence profiles of 243
extraintestinal pathogenic Escherichia coli isolates from human
feces and poultry products, Minnesota and Wisconsin, 2002—2004.
The dendrogram (shown here in simplified form) was constructed
by using the unweighted pair group method with arithmetic
averages based on pairwise similarity relationships according
to the aggregate presence or absence of 60 individual virulence
genes plus phylogenetic group (A, B1, B2, D). Triangles indicate
arborizing subclusters. Major clusters 1, 2, and 3, and subclusters
1a, 1b, 2a, 2b, 3a, and 3b are indicated. Colored boxes to right of
dendrogram show the distribution (by source group) of constituent
members of each subcluster. Resistant, resistant to trimethoprim-
sulfamethoxazole, nalidixic acid (quinolones), and ceftriaxone or
ceftazidime (extended-spectrum cephalosporins). Susceptible,
susceptible to all these agents.

susceptible, poultry-source E. coli by conversion to resis-
tance. This most plausibly would occur within the avian
fecal flora under selection pressure from on-farm use of
antimicrobial drugs.

Our findings closely resemble those of a recent study
of ciprofloxacin-resistant £. coli from humans and chick-
ens in the late 1990s in Barcelona, Spain (/2). These data
indicate that these relationships remain valid and are
applicable in the United States, to additional resistance
phenotypes (specifically quinolones, TMP-SMZ, and ex-
tended-spectrum cephalosporins), and to retail poultry
products (/2). Moreover, similar results were obtained
with retail poultry products and poultry carcasses from
processing plants. This implies that drug-resistant poul-
try-source E. coli isolates originate in the birds, rather
than being introduced from some exogenous reservoir
later during the packaging and distribution process. This
in turn suggests that on-farm practices, including use of
antimicrobial agents for growth promotion, metaphylaxis,
and therapy (2/,22), may influence characteristics of E.
coli that contaminate retail poultry products and, seem-
ingly, are then transmitted to humans (7).

844

The greater overall similarity of drug-resistant human
isolates to poultry isolates than to drug-susceptible human
isolates applied not only to the hospital patient isolates com-
pared with isolates from conventionally raised poultry, but
also to the isolates from vegetarians compared with isolates
from poultry raised with no antibiotics. This was surprising
because the vegetarians ostensibly did not consume poul-
try and, therefore, should not have been directly exposed
to poultry-source E. coli. However, this seeming paradox
is consistent with the difficulty in confirming poultry con-
sumption (along with most other individual-level expo-
sures) as an epidemiologic risk factor for colonization with
drug-resistant E. coli isolates among community-dwelling
persons ([23]; J.R. Johnson, unpub. data). Assuming that
the drug-resistant human isolates were derived from poul-
try, occurrence of poultry-source E. coli in both vegetarians
and persons with conventional diets suggests that poul-
try-source drug-resistant E. coli may spread extensively
through the human population without requiring individual
exposure to poultry products. This suggestion would be
consistent with evidence that household-level risk factors
may be more predictive of colonization with drug-resistant
E. coli than individual-level risk factors, and that house-
hold members often share E. coli clones with each another
(23-25). The mechanisms for such diffusion, and methods
to block the entry of such strains into the human population
and their subsequent spread, need to be defined.

The virulence potential for humans of the present
drug-resistant human and poultry E. coli isolates, which is
related to their direct threat to human health, is unknown.
Predictions regarding virulence potential await molecular
comparisons with human clinical isolates (9,/0,/2) and ex-
perimental virulence assessment in vivo (26,27). Nonethe-
less, the abundance of ExXPEC-associated virulence genes
in some of these strains is of concern because it suggests
a high likelihood of virulence. This would augment any
health threat these strains may pose as passive vehicles for
drug-resistance genes (6,7).

Potential limitations of this study warrant comment.
Because we did not examine alternative sources for drug-
resistant human isolates, we cannot exclude the possibility
that other foods (28) or nonfood reservoirs (29) might yield
even closer similarities to drug-resistant human isolates.
Whether persons in the study consumed poultry products
from the same lots or suppliers as those sampled is not
known. Because the study was conducted in Minnesota
and Wisconsin in mostly rural communities and with new-
ly hospitalized patients and nonhospitalized vegetarians,
generalizability of the results is unknown. We combined
several resistance phenotypes because of low frequencies,
which may have obscured differences. We also did not as-
sess other molecular characteristics of strains, e.g., pulsed-
field gel electrophoresis profiles (/2), sequence types (30),
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and resistance elements (28). Use of multiple comparisons
increased the likelihood of spurious associations (which
we addressed by specifying a strict criterion for statistical
significance), whereas the small sample size in certain sub-
groups reduced power for finding true associations.

Strengths of the study include substantial overall
sample size, standardized concurrent processing of fecal
and poultry samples, close matching of human and poultry
samples, extensive molecular typing using virulence-rel-
evant markers, and use of multiple analytical modalities.
Additionally, we examined clinically relevant resistance
phenotypes.

In summary, our findings suggest that in a contempo-
rary US-based population, many human-source drug-resis-
tant fecal E. coli isolates more likely originated in poultry
than in humans, whereas drug-resistant poultry isolates
likely derive from drug-susceptible poultry isolates. Our
data extend this paradigm to clinically relevant agents oth-
er than fluoroquinolones, heighten concerns regarding the
potential human health risk for antimicrobial drug use in
poultry production, and suggest that avoidance of poultry
consumption may not reliably provide personal protection.
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Molecular Characteristics and
Epidemiology of Meningococcal
Carriage, Burkina Faso, 2003

Judith E. Mueller,* Lassana Sangaré,t Berthe-Marie Njanpop-Lafourcade,* Zekiba Tarnagda,t
Yves Traoré,8 Seydou Yaro,J Raymond Borrow,# Bradford D. Gessner,* and Pierre Nicolas**

To describe Neisseria meningitidis strains in the Afri-
can meningitis belt in 2003, we obtained 2,389 oropharyn-
geal swabs at 5 monthly visits a representative population
sample (age range 4-29 years) in Bobo-Dioulasso, Burkina
Faso. A total of 152 carriage isolates were grouped, sero-
typed, and genotyped. Most isolates were NG:NT:NST se-
quence type (ST) 192 (63% of all N. meningitidis), followed
by W135:2a:P1.5,2 of ST-11 (16%) and NG:15:P1.6 of ST-
198 (12%). We also found ST-2881 (W135:NT:P1.5,2), ST-
751 (X:NT:P1.5), and ST-4375 (Y:14:P1.5,2) but not sero-
groups A or C. Estimated average duration of carriage was
30 days (95% confidence interval 24—-36 days). In the con-
text of endemic group W135 and meningococcal A disease,
we found substantial diversity in strains carried, including
all strains currently involved in meningitis in this population,
except for serogroup A. These findings show the need for
large samples and a longitudinal design for N. meningitidis
serogroup A carriage studies.

n the African meningitis belt, serogroup A of Neisseria

meningitidis (NmA) is the most frequent cause of bacte-
rial meningitis. Since an epidemic in 1987, these invasive
NmA strains have been identified as belonging to clonal
complex sequence type (ST)-5 (/). From 1980 through
2000, meningococcal serogroup W135 (NmW135) was
found in Africa only occasionally (2) and never as an epi-
demic strain. At the end of the 2001 epidemic season in

*Agence de Médecine Préventive, Paris, France; tCentre Hospi-
talier Universitaire Yalgado Ouédraogo, Ouagadougou, Burkina
Faso; tInstitut de Recherche en Science de la Santé, Bobo-Diou-
lasso, Burkina Faso; §Université de Ouagadougou, Ouagadougou,
Burkina Faso; {[Centre Muraz, Bobo-Dioulasso, Burkina Faso;
#Health Protection Agency, Manchester, United Kingdom; and
**|Institut de Médecine Tropicale du Service de Santé des Arnées,
Marseille, France
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Burkina Faso and Niger, however, similar proportions of
cases caused by NmW 135 and NmA were found (3). Dur-
ing a large epidemic in Burkina Faso in 2002, phenotype
W135:2a:P1.5,2 was the predominant strain; this strain be-
longed to the ST-11 clonal complex (4), as did NmW135
strains found in an outbreak among Hajj pilgrims in 2000.
Since early 2003, NmW 135 has gradually decreased, and
in 2005 and 2006 NmA again predominated, with some
NmW 135 outbreaks in Uganda, Sudan, and Kenya (5,6).

Most published carriage studies on sub-Saharan Africa
were conducted after outbreaks, with transversal design
or with nonsystematic specimen collection. These studies
often found a predominance of the outbreak strain. Our
longitudinal study describes meningococcal phenotypes
and genotypes circulating in an urban Burkina Faso popu-
lation 1 year after an N. meningitidis W135 epidemic, their
dynamics during a nonepidemic meningitis season, and
the carriage prevalence of disease-causing strains in the
healthy population.

Methods

Recruitment and Swab Collection

Methods, population characteristics, and 4-month car-
riage prevalence by serogroup have been previously report-
ed (7). The study was reviewed and approved by the Eth-
ics Committee of Centre Muraz, Bobo-Dioulasso, Burkina
Faso, and the Comité de Vigilance of Pasteur Institute,
Paris. Briefly, after written informed consent was obtained
from study participants or their guardians (for persons <18
years of age), a random sample of the healthy residents of
urban Bobo-Dioulasso, Burkina Faso, were examined at 5
clinic visits from February 3 to June 7, 2003. The sampling
design required that 1 participant 4-14 years of age and
1 participant 15-29 years of age were included from each
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selected compound (community of households). At all 5
visits, swabs were taken from the posterior pharyngeal wall
through the mouth by using cotton-tipped sterile swabs,
which were streaked immediately onto plates containing
selective medium. The plates were stored immediately in
an atmosphere of 5% CO, at room temperature for a maxi-
mum of 2 hours until incubation at 37°C.

Microbiologic Analyses

N. meningitidis strains from incubated plates were
isolated and identified by using established bacteriologic
methods, following recommendations of the World Health
Organization when applicable (8). N. lactamica isolates
were also cultured and identified. Confirmation and geno-
group prediction of N. meningitidis isolates was conducted
on the basis of PCR testing as previously described (9,10).
All groupable N. meningitidis isolates and a subset of non-
groupable isolates were further tested with immune serum
for serogroup confirmation.

Serotypes and serosubtypes were determined by using
monoclonal antibody kits obtained from the National In-
stitute of Public Health and the Environment (Bilthoven,
the Netherlands) by the whole-cell enzyme immunoassay
technique, as previously described (/7). Chromosomal
DNA restriction patterns were analyzed by pulsed-field
gel electrophoresis (PFGE). Whole chromosome DNA
macrorestriction fragments generated by digestion with
Spel endonuclease were separated by PFGE as previously
described (/2). DNA fragments were separated by using a
Chef-DR 1I system (Bio-Rad Laboratories, Hercules, CA,
USA). PFGE fingerprint patterns were compared by using
the criteria of Tenover et al. (/3).

Multilocus sequence typing (MLST) was performed
on a subset of 53 isolates chosen to represent different
PFGE variants of different serogroups (/4). Fragments
from 7 housekeeping genes (abcZ, adk, arokE, fumC, gdh,
pdhC, and pgm) were used for typing, as given on the Neis-
seria MLST website (http://pubmlst.org/neisseria/). After
DNA preparation and amplification by PCR, each locus
sequence was analyzed on an ABI Prism 3100 DNA se-
quencer (Applied Biosystems, Foster City, CA, USA). Se-
quence analysis was performed by using Vector NTI suite
software (InforMax, Bethesda, MD, USA). The sequences
were compared with existing alleles on the Neisseria MLST
website for determination of allele numbers, STs, and clon-
al complexes of the isolate. After internal validation tests,
strains that had the same PFGE profile were considered to
belong to the same ST, and thus were defined as having the
same ST (Figures 1, 2).

Estimation of Carriage Duration

Mean duration of carriage and 95% confidence inter-
vals (Cls) were calculated by the truncated observations
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Figure 1. Pulsed-field gel electrophoresis (PFGE) analysis of
chromosomal DNA from pharyngeal meningococcus isolates
(stained with ethidium bromide). Whole chromosome DNA
macrorestriction fragments were generated by digestion with
endonuclease Spel. Shown are examples of sequence type (ST)
prediction by PFGE in carried meningococci and diversity among
STs. S, isolates tested by multilocus sequence typing (MLST). Lanes
A (arrows), PFGE marker | (Boehringer Mannheim, Mannheim,
Germany); lane A, ST-2881, meningitis case isolate, Niger 2003;
lanes 101, 102, and 103, ST-11, W135:2a:P1.5,2; lanes 104 and
105, ST-2881, W135:NT:P1.5,2; lane 106, ST-4151, W135:NT:
P1.5,2; lane 107, ST—112000, W135:NT:P1.5,2; lanes 108-116, ST-11,
W135:2a:P1.5,2; lane B, meningitis case isolate, ST-11, Niger 2003.
Isolates 101 and 107 were identified as ST-11 by MLST. Isolates
102, 103, 108, 109, and 111-116 are indistinguishable from isolate
101 and are therefore considered ST-11. The 19 ST-11 isolates had
4 different PFGE patterns, of which 3 are represented by isolates
101, 107, and 110. The pattern of isolate 107 is indistinguishable
from the 2000 Hajj epidemic strain (not shown).

method described by de Wals and Bouckaert (/5). We
assumed that isolates with identical phenotypes and gen-
otypes collected from a person at consecutive visits, and
only those, indicated an ongoing carriage event.

Results

A total of 488 persons were included in the study;
>96% were seen at each respective visit. Eighteen percent
of the population carried a meningococcus at least once
during the study. All genogroupable isolates could be se-
rogrouped. The 152 meningococcal isolates were attrib-
uted to serogroups NmW135 (n =28), NmX (n=5), NmY
(n = 3), and nongroupable, autoagglutinable, or polyagglu-
tinable Nm (n=116). No NmA, NmB, or NmC were found
(Table 1).

Among the 151 meningococcal isolates submitted
for serotyping, most could not be serotyped or serosub-
typed with existing antibodies (n =98, 65%). Serotype 2a:
P1.5,2(n=17, 11%) and 15:P1.6 (n =16, 11%) were the
most frequently found serotypes, followed by NT:P1.5,2
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Figure 2. Pulsed-field gel electrophoresis (PFGE) analysis of
chromosomal DNA from pharyngeal meningococcus isolates
(stained with ethidium bromide). Whole chromosome DNA
macrorestriction fragments were generated by digestion with
endonuclease Spel. Shown are examples of sequence type (ST)
prediction by PFGE in carried meningococci and diversity among
STs types. S, isolates tested by multilocus sequence typing
(MLST). Lanes A (arrows) PFGE marker | (Boehringer Mannheim,
Mannheim, Germany); lane C, ST-2881, meningitis case isolate,
Niger 2003; lanes 155, 166, and 192—-194, ST-192, NG:NT:NST;
lane 195, ST-198, NG:15:P1.6; lanes 196—-198, ST-192, NG:NT:
NST; lane 199, isolate unrelated to the presented study; lanes
200-205, ST-192, NG:NT:NST; lane D, meningitis case isolate, ST-
11, Niger 2003. Isolates 192, 193, 194, 196, 198, and 204 were
identified as ST-192 by MLST. Isolates 197, 200, 201, 202, and
203 are indistinguishable from isolate 196 and are thus considered
ST-192. ST-192 isolates from this study had 10 different PFGE
patterns, of which 6 are represented by isolates 155, 166, 192, 194,
196, and 204.

(n=11, 7%), NT:P1.5 (n = 6, 4%), and 14:P1.5,2 (n =3,
2%) (Figure 3, Table 1).

Among the 151 isolates analyzed by MLST or PFGE,
most were ST-192 (n = 96, 63%), followed by ST-11

Meningococcal Carriage, Burkina Faso, 2003

(n =19, 13%), ST-198 (n = 13, 9%), and ST-2881 (n =
8, 6%, including | strain with the single locus variant ST-
4151) (Table 1). Other STs represented <5% of the carriage
strains and included ST-4426 (in the clonal complex ST-
198), ST-751 (including the single locus variant ST-4376),
ST-4375 (in the clonal complex ST-23), and ST-4377.

Serogroup W135 was mostly found in combination
with serotype 2a:P1.5,2 and genotype ST-11. Serogroup
X was found with NT:P1.5, ST-751, and serogroup Y was
found with 14:P1.5,2, ST-4375 (Table 1).

Diversity among STs

The 19 isolates belonging to ST-11 showed moderate
diversity in restriction patterns (Figure 1). Three (16%)
isolates found in February 2003, among them 2 isolates
with phenotype W135:NT:P1.5,2, were indistinguishable
from the 2000 Hajj outbreak strain, and 1 (5%) isolate
each showed 1- and 2-band differences from the 2000 Hajj
strain. The other 14 ST-11 isolates (74%), among them an
isolate with phenotype NG:2a:P1.5,2, showed a 6-band dif-
ference from the 2000 Hajj strain.

The 8 ST-2881 isolates belonged to 1 clone with a 0- to
2-band difference between them. Although most of the ST-
2881 isolates belonged to group W135, their PFGE patterns
were unrelated to ST-11 isolates in group W135; they were
closely related to ST-2881 invasive strains of serogroup
W135 found in 2003 in Niger (/6).

Among the 96 ST-192 isolates, 86 had interpretable
results by PFGE, which showed considerable diversity in
restriction patterns (Figure 2). Of these isolates, 41 (48%)
were indistinguishable from each other and 10 (12%),
among them the isolate with phenotype W135:NT:NST,
were closely related with 1- to 3-band differences. Thir-
ty-one isolates (36%) were possibly related to the central

Table 1. Characterization of 152 meningococcal isolates, Bobo-Dioulasso, Burkina Faso, 2003*

No. isolates No. tested by No. (%) ST isolates

Sequence type (ST) (% ST) MLST Phenotype with phenotype
ST-192 96 (63) 40 NG:NT:NST 95 (63)

W135:NT:NST 1(1)
ST-11 19 (13) 5 W135:2a:P1.5,2 16 (11)

W135:NT:P1.5,2 2(1)

NG:2a:P1.5,2 1(1)
ST-198 13 (9) 3 NG:15:P1.6 12 (8)

W135:15:P1.6 1(1)
ST-4426 (clonal complex ST-198) 2(1) 2 NG:15:P1.6 2(1)
ST-2881 8 (5) 2 W135:NT:P1.5,2 8 (5)
ST-4151 (single locus variant of ST-2881) 1(1) 1 W135:NT:P1.5,2 1(1)
ST-751 5(3) 3 X:NT:P1.5 5(3)
ST-4376 (single locus variant of ST-751) 1(1) 1 NG:NT:P1.5 1(1)
ST-4375 (clonal complex ST-23) 3(2) 1 Y:14:P1.5,2 3(2)
ST-2049 1(1) 1 NG:15:P1.6 1(1)
ST-4377 2(1) 2 NG:NT:NST 2(1)
Not tested 1(1) - NG: Not determined 1(1)
Total 152 (100) 61 152 (100)

*MLST, multilocus sequence typing. NG includes nongroupable, autoagglutinable, and polyagglutinable strains.
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Figure 3. Serogroups (A), serotypes (B), and sequence types (C)

of 152 meningococci carried by 488 persons obtained at 5 monthly

study visits from February through June 2003, Bobo-Dioulasso,

Burkina Faso. NG, nongroupable; ST, sequence type.

clone (4- to 6-band difference), and 4 (5%) were unrelated
(>7-band difference).

Carriage Dynamics

The gradual increase in carriage point prevalence of
any Nm from 3.5% in February to 9.9% in May—June was
caused by an increase in ST-192 with a phenotype of NG:
NT:NST (Figure 3). The number of isolates of this geno-
type and phenotype at each of the 5 visits was 7, 8, 15, 26,
and 27, respectively.

Among the 84 persons who carried meningococci dur-
ing >1 visit, half (n = 42) were carriers at only 1 visit and
half at multiple visits. Of the 42 persons with meningo-
coccal carriage at several visits, 21 always had the same
strain (Table 2) and 19 had different strains (Table 3).
The latter group carried <3 different strains during the 4
months of observation, and 4 persons had the same strain

850

on multiple occasions but with interruption. Twenty-seven
persons (32% of all carriers) had the same strain >2 times
at subsequent visits. The mean duration of carriage for
all serogroups was estimated as 30 days (95% CI 24-36
days). Estimated mean carriage duration was 20 days (95%
CI 15-23 days) for NmW135 and 34 days (95% CI 27-42
days) for nongroupable strains. The estimated mean dura-
tion of overall Nm carriage increased with the increasing
prevalence of nongroupable strains toward the end of the
meningitis season: 21 days (95% CI 18-24 days) during
February—April compared with 35 days (95% CI 28-43
days) during April-June.

In addition to the 152 meningococci, 103 N. lactamica
were isolated. Prevalence of N. lactamica was highest in 4
to 8-year-old children and increased gradually from 5.5%
(95% CI 2.1%—13.2%) at the first visit to 16.1% (95% CI
10.9%-23.1%) at the last visit. For persons 9-18 years of
age, prevalence of N. lactamica carriage varied from 2% to
4% over the 5 visits; carriage for adults was >1.5%.

Discussion

This longitudinal carriage study in a healthy young
population in the African meningitis belt describes the di-
versity of carried meningococcal serogroups, serotypes,
and genotypes during a nonepidemic meningitis season.
Eleven STs and 4 serogroup categories (including non-
groupable strains) were identified. Parallel culture- and
PCR-based meningitis surveillance in this population dur-
ing 2003 showed a high incidence of endemic meningococ-
cal disease (annual rate = 77/100,000 among persons <5
years of age and 5/100,000 among persons >14 years of
age). During February—April 2003, 9 cases of NmA men-
ingitis and 28 cases of NmW135 meningitis were found
in urban Bobo-Dioulasso (435,000 inhabitants), as well as
sporadic cases caused by serogroup X and nongroupable
meningococci (Table 4) (5,17).

Despite frequent serogroup A disease, no serogroup A
meningococcal carriage was found. NmA was likely circu-
lating at low levels during our study but not found because
of low transmission density or short duration of NmA car-
riage, together with sample size limitation. Our study thus
provides evidence for low prevalence of serogroup A car-
riage in nonepidemic conditions, which is similar to results
of a study in Nigerian schoolchildren (/8). This finding is
useful for assessment of group A conjugate meningococ-
cal vaccines by carriage studies. To show a reduction in
NmA carriage prevalence after vaccination, as was recently
reported from the United Kingdom for group C conjugate
vaccine (/9), studies need to include several thousand per-
sons to achieve appropriate statistical power.

Apart from NmA, all phenotypes and genotypes iso-
lated from meningococcal meningitis cases in this popula-
tion from 2000 through 2005 (Table 5) were represented
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Table 2. Analysis of 21 persons carrying the same meningococcal strain at 5 monthly visits, Bobo-Dioulasso, Burkina Faso, 2003

Person Age, y Visit 1 Visit 2 Visit 3 Visit 4 Visit 5

1 4 W135: ST-2881 W135: ST-2881

2 6 NG:ST-192 NG:ST-192 NG:ST-192
3 7 NG:ST-192 NG:ST-192 NG:ST-192
4 8 NG:ST-192 NG:ST-192

5 10 NG:ST-192 NG:ST-192 NG:ST-192
6 11 NG:ST-192 NG:ST-192
7 11 NG:ST-192 NG:ST-192
8 12 NG:ST-192 NG:ST-192 NG:ST-192
9 14 NG:ST-192 NG:ST-192 NG:ST-192
10 14 NG:ST-192 NG:ST-192

11 14 NG:ST-192 NG:ST-192 NG:ST-192
12 15 NG:ST-192 NG:ST-192
13 16 NG:ST-198 NG:ST-198
14 17 NG:ST-192 NG:ST-192
15 17 NG:ST-192 NG:ST-192

16 18 NG:ST-192 NG:ST-192 NG:ST-192
17 19 NG:ST-192 NG:ST-192 NG:ST-192
18 20 NG:ST-192 NG:ST-192 NG:ST-192
19 20 NG:ST-192 NG:ST-192
20 22 NG:ST-192 NG:ST-192
21 26 W135: ST-11 W135: ST-11

in this 4-month carriage study of 488 persons. This finding
supports the use of carriage studies in nonepidemic condi-
tions for surveillance of meningococcal strains of specific
serogroups. For surveillance of new genotypes expressing
a group A capsule, however, disease surveillance will be
more appropriate. For example, ST-2859, a new genotype
that expresses group A capsule, has become a major menin-
gitis agent in Bobo-Dioulasso since 2002 (/7). Our carriage
study did not detect this development. In addition, results
from localized carriage studies should not be generalized to
West Africa and the African meningitis belt as a whole be-
cause only 4 of 7 serogroups and 5 of 15 genotypes found

in meningococcal meningitis cases in the region during
20002005 were represented in our carriage study.

During bacterial meningitis surveillance in the Bobo-
Dioulasso population in 2004, we observed 2 invasive
strains whose genotypes had been associated with differ-
ent serogroups and serotypes in our carriage study 1 year
earlier (Table 5). ST-11, which is usually associated with
phenotype W135:2a:P1.5,2 in invasive strains, had pheno-
type Y:14:P1.5,2 (seen in ST-4375 carriage strains), and
ST-4375, which is usually associated with phenotype Y:14:
P1.5,2, had phenotype W135:NT:P1.5,2 (seen in ST-11
carriage strains). These findings could be evidence for a

Table 3. Analysis of 19 persons carrying >1 meningococcal strain at 5 monthly visits, Bobo-Dioulasso, Burkina Faso, 2003

Person Age, y Visit 1 Visit 2 Visit 3 Visit 4 Visit 5

22 4 NG: ST-198 NG:ST-192 NG:ST-192

23 5 W135: ST-11 NG:ST-192 NG:ST-192

24 8 W135: ST-2881 NG:ST-4426

25 8 X: ST-751 NG:ST-192 X: ST-751

26 9 NG:ST-192 W135: ST-11

27 11 W135: ST-11 NG:ST-192 W135: ST-2881

28 13 NG: ST-198 NG:ST-192 NG:ST-192

29 14 NG: ST-198 NG:ST-192

30 16 W135: ST-2881 Y:ST-4375

31 18 W135: ST-11 NG:ST-2049 NG: ST-198 NG: ST-198

32 18 NG:ST-11 W135: ST-2881 NG:ST-192

33 18 NG:ST-192 NG: ST-198 NG:ST-192

34 20 NG: ST-198 NG: ST-192 NG: ST-192

35 21 W135: ST-11 NG:ST-192 W135: ST-11

36 22 X: ST-751 NG: ST-198 NG:ST-192 X: ST-751

37 22 X: ST-751 W135: ST-2881

38 23 W135: ST-11 NG:ST-4377 NG:ST-192

39 26 NG:ST-192 NG:ST-4377

40 26 NG: ST-192 NG: ST-4426
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Table 4. Meningococci isolated during surveillance of acute
bacterial meningitis, Bobo-Dioulasso, Burkina Faso, February—
April 2003

Sequence type (ST) Phenotype No. cases
ST-11 W135:2a:P1.5,2 28
ST-2859 (ST-5 complex) A:4:P1.9 9
ST-751 X:NT:P1.5 1
ST-192 NG:NT:NST 2

capsular and serotype switch between co-colonizing me-
ningococci, as described by Swartley et al. (23). However,
that report described only gene conversion for capsule ex-
pression, not for outer membrane protein (PorB) expres-
sion. The potential capacity of meningococci to exchange
capsular plus subcapsular genes needs to be further evalu-
ated.

Our study and previous studies of meningococci in
sub-Saharan Africa have shown a similar number of dif-
ferent serogroup categories, including nonserogroupable
strains (/8,24—26). However, assessing whether the genetic
diversity we found is a new phenomenon is difficult be-
cause most studies do not report genotypes of all isolates.
Five ST strains expressed group W135 capsule in this pop-
ulation that was followed up over a 4-month period. This
variation has not been reported for other meningococcal
serogroups in sub-Saharan Africa but is consistent with
results of a report on increasing genetic diversity of W135-
encapsulated strains in France since the Hajj-associated

outbreak in 2000 (27). In contrast to NmW 135, NmA has
a relatively low genetic diversity, with only 6 genotypes
found to express the A capsule over the past 30 years ([/];
http://pubmlst.org/neisseria). This difference between the 2
serogroups suggests that NmW 135 may not replace NmA
as the major epidemic agent in the future. Nevertheless,
the easy adoption of a W135 capsule by various genotype
stains, in combination with infrequent immune induction
by NmW 135 carriage (7), may cause regular NmW 135 out-
breaks to occur.

Nongroupable strains were predominant in our study
and other carriage studies during nonepidemic conditions
in Burkina Faso, Ghana, Europe, and the United States
(20,24,28-31). In our study, nongroupable and nontypeable
isolates were predominantly ST-192, which represented
63% of all carried meningococci. Data from the Neisseria
MLST website indicate that ST-192 isolates were present
in The Gambia and Niger in the 1990s, but no published
data are available on the dimension of prevalence of this
strain in these or other countries. This strain deserves closer
observation because in Bobo-Dioulasso during 2003 and
2004, 3 persons were found with disease caused by non-
groupable ST-192 isolates. Unencapsulated strains rarely
cause invasive disease and usually only among comple-
ment-deficient persons (32). This may have occurred in the
3 patients, whose complement status was not determined.
However, the isolates from Bobo-Dioulasso also showed

Table 5. Overview of meningococci reported from meningitis patients in West Africa and the African meningitis belt, 2000—2005*

Sequence type (ST) Phenotype

Place and time of meningococcal disease cases

ST-11 W135:2a:P1.5,2

W135:NT:P1.5,2

W135:2a:P1.2, W135:NT:P1.2

Y:14:P1.5,2
W135:2a:P1.5,2
W135:NT:P1.5,2

ST-1966 (ST-11 complex)
ST-2881

ST-5 A:4:P1.9, A:21:P1.9
ST-7 (ST-5 complex) A:4:P1.9, A:21:P1.9

ST-2859 (ST-5 complex) A:4:P1.9, A:21:P1.9

ST-751 X:NT:P1.5, X:NT:P1.5,2
ST-181 X:NT:P1.5
ST-2880 Y:14:P1.5,2

ST-4375 (ST-23 complex) Polyagglutinable:14:P1.5,2
W135:NT:P1.5,2
Y:14:NST
C:4:P1.16, B:4:P1.16, B:4:
P1.7,16, B:4:P1.9

NG:NT:NST

ST-23 (ST-23 complex)

ST-32, ST-2496 (ST-32 complex),
ST-291 (ST-41/44 complex)
ST-192

Sporadic in Cameroon, Senegal, Burkina Faso, Central
African Republic, Chad, Niger, and Ghana since 2003;
epidemic and major seasonal agent in Burkina Faso
during 2002-2004 (including Bobo-Dioulasso)
Sporadic in Bobo-Dioulasso, 2004
Sporadic in Niger, 2003
Sporadic in Bobo-Dioulasso, 2004
Sporadic in Burkina Faso
Sporadic in Benin since 2003;
major seasonal agent in Niger during 2003
Major seasonal agent in Niger, Senegal, and Burkina Faso
during 2000-2001
Major seasonal agent and epidemic in Cameroon, Chad,
Niger, Senegal, Benin, Burkina Faso, Ethiopia, and Nigeria
Major seasonal agent and epidemic in Burkina Faso
since 2003 (including Bobo-Dioulasso)
Sporadic in Burkina Faso (including Bobo-Dioulasso),
Niger, and Ghana
Sporadic in Niger
Sporadic in Niger
Sporadic in Bobo-Dioulasso, 2004
Sporadic in Bobo-Dioulasso, 2004
Sporadic in Senegal
Sporadic in Cameroon

Sporadic in Bobo-Dioulasso, 2003 and 2004

*Data were obtained from references 1,5,16,17,20-22, and the Neisseria multilocus sequencing typing website (http://pubmlist.org/

neisseria).
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enhanced capacity to escape human immune defenses (33),
which would enable these isolates to cause invasive disease
in immunocompetent persons.

In our study, carriage of the NG:NT ST-192 strain in-
creased from the early phase of the meningitis season to
just past its end, as did carriage of N. lactamica in children.
This finding may be an annual phenomenon that is associ-
ated with a decreasing meningitis incidence by late April
(Figure 4), which would be caused by a reduced risk for
infection or disease by virulent meningococci, given the in-
creased carriage prevalence of nongroupable meningococci
(34). However, our data were from a small sample and only
1 population during 1 meningitis season. A more system-
atic evaluation by longitudinal carriage studies in several
African sites is needed to further explore this hypothesis.

Carriage during this study was dynamic and short-
lived compared with other studies in Europe (/5,30,35).
This finding emphasizes the need for a large sample size
in cross-sectional carriage studies and the need for multiple
assessment points over short intervals for studies on car-
riage association with risk factors or immune status. Esti-
mated carriage duration was longer for less virulent non-
groupable strains than for NmW135. This could be due to a
more accentuated immune response to carriage of encapsu-
lated strains, although serologic evaluation during the same
study suggested that the immune response to NmW 135 car-
riage does not occur frequently (7).

In the context of hyperendemic NmW135 and NmA
disease in Bobo-Dioulasso in 2003, we found a large di-
versity of phenotypes and genotypes in carried Nm strains
(including all strains, except for serogroup A) that caused
meningococcal meningitis in this population. NmW135
showed substantial prevalence and high genetic diversity.
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Figure 4. Weekly incidence rates of reported meningitis in the
Bobo-Dioulasso region from January through June of 1997, 2002,
and 2003. V1, February 3-15 (n = 488); V2, February 25-March 15
(n =480); V3, March 25-April 12 (n = 465); V4, April 22—May 10 (n
=463); V5, May 27-June 7 (n = 470).
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These features distinguish this serogroup from NmA and
indicate that, in combination with poor immune induction
by carriage, this serogroup may be a potential epidemic
agent. The absence of NmA during this nonepidemic men-
ingitis season and the pronounced dynamics of meningo-
coccal carriage emphasize the need for large samples and a
longitudinal design for most carriage studies. By decreasing
the risk for infection with a virulent clone, expansion of a
nonvirulent clone in carriage toward the end of the menin-
gitis season may be 1 of the mechanisms causing a seasonal
decrease in the incidence of meningococcal disease.
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Incidence and Cost of Rotavirus
Hospitalizations in Denmark

Thea Kglsen Fischer,* Nete Munk Nielsen,* Jan Wohlfahrt,* and Anders Peerregaardt

In anticipation of licensure and introduction of rotavi-
rus vaccine into the western market, we used modeling of
national hospital registry data to determine the incidence
and direct medical costs of annual rotavirus-associated ad-
missions over >11 years in Denmark. Diarrhea-associated
hospitalizations coded as nonspecified viral or presumed
infectious have demonstrated a marked winter peak similar
to that of rotavirus-associated hospitalizations, which sug-
gests that the registered rotavirus-coded admissions are
grossly underestimated. We therefore obtained more real-
istic estimates by 2 different models, which indicated ~2.4
and ~2.5 (for children <5 years of age) and ~4.9 and ~5.3
(for children <2 years of age) rotavirus-associated admis-
sions per 1,000 children per year, respectively. These ad-
missions amount to associated direct medical costs of US
$1.7—1.8 million per year. Using 2 simple models to analyze
readily available hospital discharge data resulted in more
consistent and reliable estimates.

otavirus is the main cause of acute, severe, dehydrating

diarrhea in infants and children throughout the world
(1). Rotavirus disease incidence is similar worldwide, re-
gardless of infrastructure and other levels of development
(2), which suggests that traditional diarrheal disease con-
trol measures, such as safe water and improved hygienic
standards, are inadequate. In industrialized counties, hospi-
talizations are often the most costly events associated with
rotavirus disease and often constitute a major expense for
national health budgets (3).

A recent outbreak of rotavirus diarrhea in a daycare
center in Denmark demonstrated that even small outbreaks
of rotavirus in childcare facilities can be associated with
substantial expense on a personal and a public scale due to
parental loss of work (4). A major strategy for control of
rotavirus disease is prevention through vaccination. With 2
new rotavirus vaccine candidates almost ready for market-
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ing (5), valid and updated data on rotavirus disease extent
and circulating rotavirus strains are essential for several
purposes: to address the need for disease prevention, to
generate reliable data for vaccine cost-benefit/effective-
ness assessments, and to establish a platform for disease
surveillance to monitor the effectiveness of a future vac-
cine program.

Because the immediate focus for development of ro-
tavirus vaccines has mainly been prevention of associated
deaths in Asia and Africa, valid data exist to some extent
from prospective disease surveillance studies in these re-
gions. However, despite the considerable problems associ-
ated with hospitalization, including nosocomial transmis-
sion of rotavirus disease (6,7) and the cost of parental loss
of work (8), few data exist regarding the epidemiologic fea-
tures of rotavirus infection in industrialized countries.

For this study we used Danish National Patient Reg-
istry (NPR) data for all hospital admissions in Denmark
since 1977 to address the epidemiology and cost of rota-
virus hospitalizations in Denmark. On the basis of find-
ings from other studies of rotavirus disease (9,10), we
anticipated an underreporting of rotavirus among patients
hospitalized with diarrhea. This underreporting is due to
various factors, the most important of which seems to be
that rotavirus testing is routinely conducted in only a few
settings because the same therapy, regardless of test re-
sults, is prescribed: symptomatic treatment with fluid re-
placement. Therefore, testing is used mostly for differen-
tial diagnostic purposes or to establish a diagnosis during
outbreaks or for immunocompromised persons for whom
rapid intervention against other diarrhea agents (bacteria,
parasites) is crucial. Also, rotavirus laboratory results of-
ten are available only after the average diarrhea patient
has already been discharged, so these results rarely get
recorded in the patient’s medical file.

The issue of underreporting is supported by a study
in a major county hospital in Copenhagen, Denmark. The
findings suggest that among children 3—36 months of age,
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rotavirus was responsible for *60% of all admissions due
to diarrhea from December 1998 through May 1999 (/1).
In Denmark, rotavirus-associated hospitalizations occur
with a marked seasonality, from January to June, and peak
in March and April. So far, no other diarrhea-associated
microbial agent with a similar seasonal pattern has been
identified. We took advantage of the unique seasonality
of rotavirus to obtain a more realistic estimate of rotavi-
rus incidence among hospitalized children. We used mod-
eling of the 11 years of registry data as well as indirect
estimates from similar rotavirus disease burden studies.
Finally, we used these estimates to assess the extent of
severe rotavirus disease in Denmark and the associated
direct medical costs.

Materials and Methods

Data Sources

The NPR contains information on hospitalizations for
all reasons except psychiatric in Denmark since January
1977, including outpatient treatments since 1995. Infor-
mation on date of admission, date of discharge, diagnoses,
surgical procedures, and personal identification number is
recorded for every hospitalized patient. Diagnoses were
classified according to the World Health Organization In-
ternational Classification of Diseases, version 10 (ICD-10)
(12). To identify specific rotavirus infections, we extracted
ICD-10 diagnosis DA080. To compute data on diarrhea,
we extracted ICD-10 diagnoses DA000 to DA099 (Table).

Data Analyses

From the NPR we extracted information for all Dan-
ish children <5 years of age who were hospitalized during
January 1994—July 2005 and had diarrheal disease (ICD-10
codes DA000-DA099) as their primary or secondary di-
agnosis. If several different specific diagnoses of diarrhea,
together with the nonspecific diagnosis of diarrhea (A099),
were reported during 1 episode of hospitalization, all the
different specific diagnoses were counted as unique diag-

noses, whereas the nonspecific diagnosis (A099) was ig-
nored. The nonspecific diagnosis of diarrhea counted as a
diagnosis only when the hospitalized patient was registered
as having nonspecific diarrhea. If a person had been admit-
ted for diarrhea several times, only episodes >7 days apart
were included in the study. For children <2 and <5 years of
age, we estimated hospitalization incidence rates per 1,000
person-years at risk by using age- and period-specific per-
son-years at risk in the Danish population.

Other studies, mainly from the United States, have
demonstrated how many rotavirus-associated hospitaliza-
tions are registered as other types of diarrhea (9,/3). To
achieve a more realistic estimate of the number of rotavirus
admissions, we applied 2 different approaches based on the
number of all-cause diarrhea admissions.

The first approach was an indirect method known as
the Brandt estimation method (/4), which uses external in-
formation on the proportion of rotavirus admissions among
all-cause diarrhea admissions. In this approach, the month-
ly number of rotavirus-associated hospitalizations was esti-
mated by multiplying the monthly number of all-cause di-
arrhea hospitalizations with the month-specific proportion
of rotavirus infections identified at a Copenhagen County
university hospital during 1977-1978 (15).

In the second approach, the number of monthly rotavi-
rus-associated hospitalizations during the rotavirus season
was estimated as the registered number of all-cause diar-
rhea admissions minus the expected level on the basis of the
much lower average level of all-cause diarrhea admissions
outside the season. The expected number was estimated by
using a log-linear Poisson regression model; the dependent
variable was the monthly number of all-cause diarrhea ad-
missions outside the season. A Poisson regression model
was used because the monthly number of hospitalizations
traditionally can be assumed to be Poisson distributed. The
log-linear regression form means that the logarithm of the
mean parameter for the dependent variable is modeled by a
linear combination of the independent variables. Two fac-
tors were included in the model as independent variables.

Table. Diarrhea-associated hospitalizations, by cause, for children <5 years of age, Denmark, 1994-2004*

Hospitalizations

Annual Incidence/1,000 % 0-23

Diagnostic category ICD-10 code Total no. (%) average child-years mo. of age % Boys
Etiology unspecified

Presumed infectious A09 22,475 (69.6) 2,043 6.7 67.8 55.9

Presumed noninfectious A085 15 (0.1) - - 66.7 46.7
Etiology specified

Viral, nonspecified A084, A083 6,916 (21.4) 628 1.9 67.8 54.5

Norwalk virus and adenovirus A081, A082 62 (0.2) 6 - 77.4 58.1

Rotavirus A080 1,309 (4.1) 119 0.36 79.1 56.4

Bacterial A00-A05 1,415 (4.4) 129 0.39 63.5 55.9

Parasitic A06, A07 88 (0.3) 8 - 443 56.8
Total 32,280 (100) 2,935 8.9 67.8 55.6

*ICD-10, International Classification of Diseases, version 10; —, too few records to analyze.

856

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 13, No. 6, June 2007



The first factor took into account the varying monthly
number of children at risk; this was done by including the
logarithm of the risk time as a known factor (an offset).
The second factor was a secular trend to allow for changes
in the incidence during the study period; this was done by
including time (months) as a continuous variable. In other
words, we applied a log-linear Poisson regression model
with number of all-cause diarrhea admissions as the depen-
dent variable and logarithm of risk and time as indepen-
dent variables. This regression model, based on the level
outside the rotavirus season, was then used to estimate the
monthly expected number of all-cause diarrhea admissions
during the rotavirus season; i.e., the model for outside
the season was extrapolated to the rotavirus season. The
monthly observed number minus the expected number of
all-cause diarrhea admissions during the rotavirus season
was taken as an estimate of the monthly rotavirus-associ-
ated hospitalizations Estimation was performed within the
age groups 0, 1, 2, 3, and 4 years and subsequently summed
to achieve the total for children <5 years. The approach was
based on 2 assumptions: first, that all rotavirus-associated
hospitalizations were registered correctly in the months of
July through December, when rotavirus is nonseasonal,
and second, that the excess admissions during the annual
peak season of diarrhea, January to June, were attributed
to a pathogen believed to drive the intraseasonal all-cause
diarrhea hospitalizations. The pathogen in this instance is
rotavirus because no other gastrointestinal pathogen has yet
been identified with the same seasonality.

According to the Danish National Board of Health, the
price per hospitalization for diarrhea <4 days is US $1,420
(8,248 Danish krones [DKK] at a November 2006 ex-
change rate of 583 DKK to US $100). If the hospitalization
is extended >3 days, cost is US $277 (1,608 DKK) per 24
hours of added stay (/6). The costs include all expenditures
related to the hospitalization (e.g., hospital bed, healthcare
personnel, diagnostic testing, antimicrobial drugs, rehydra-
tion treatment, and intensive care). The costs are total costs
and cannot be segregated further into the various above-
listed expenditure categories (/6). In Denmark, public hos-
pital healthcare is free of charge. No private alternative is
available for hospitalization of children with diarrhea.

Results

Epidemiology of All-Cause Diarrhea and Rotavirus-
coded Hospitalizations

We found a total of 32,280 unique diarrhea-associated
hospitalizations in Denmark among children <5 years of
age from 1994 through 2004. Slightly more boys (55.4%)
than girls were hospitalized with diarrhea; median age
was 16 months. The number of hospitalizations, regard-
less of diarrhea agent, remained relatively constant over
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time (Figure 1). A total of 1,309 admission records (an-
nual average ~120) contained the rotavirus-specific ICD-
10 code; proportions by sex were 56% boys and 44% girls
(Table). In children <5 years of age, 79% of admissions for
rotavirus had occurred before the age of 2, compared with
only 68% of admissions for all-cause diarrhea. Incidence
rates of rotavirus-coded admissions peaked twice during
early childhood, at 7 and 12 months of age (Figure 2).
Viral infections constituted 85% of diarrhea-associated
hospitalizations for which etiology was specified (Table).
When studying the frequency of the main ICD-10 gastro-
intestinal disease categories (bacteria, virus, parasites, and
presumed infectious) according to month, the seasonality of
admissions coded as presumed infectious disease and virus
without etiology each showed a seasonal pattern very simi-
lar to that of rotavirus, whereas admissions due to bacteria
and parasites showed a more linear pattern throughout the
year and bacterial infections showed a tendency to peak in
the late summer and fall months of August through October
(Figure 3). When comparing the trends for viral admissions
without specified pathogen and trends for rotavirus admis-
sions, we observed parallel seasonal trends throughout the
entire study period (Figure 1). In all, 85% (1,115/1,309) of
all rotavirus admissions and 63% (4,342/6,916) of nonspec-
ified viral infections occurred from January through June,
and the monthly numbers of admissions for these disease
categories during the study period were significantly cor-
related (Spearman correlation coefficient 0.39, p = 0.007).

Estimates of Rotavirus-associated Hospitalizations
and Direct Medical Costs

Using the Brandt indirect method, we estimated that
~840 hospitalizations (28.7% of all diarrhea) annually were
due to rotavirus. This finding corresponds to 2.5 rotavirus-
associated admissions per 1,000 children <5 years of age
and =5.3 per 1,000 children <2 years of age annually. By
using Poisson regression, we estimated that ~780 annual
hospitalizations (26.5% of all admissions for diarrhea in
children) were associated with rotavirus, resulting in =2.4
and ~4.9 annual rotavirus-associated admissions per 1,000

USRS (8 BETED TN

No. cases rotavirus and nonspecified viral danhea
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Figure 1. Monthly frequency of diarrhea-associated hospitalizations
of children <5 years of age, Denmark, 1994—2005.
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Figure 2. Incidence of rotavirus-coded hospitalizations in children
<5 years of age, Denmark, 1994-2005.

children <5 years of age and <2 years of age, respectively.
The estimate was only slightly affected by defining the ro-
tavirus season as January through June. Adding December
to the season increased the estimate by 24 annual hospital-
izations, and removing June from the season decreased the
estimate by 8 annual hospitalizations.

During 1994-2004, 82.4% of all-cause diarrhea admis-
sions lasted <3 days (n = 26,586), and 17.6% (n = 5,694)
lasted >3 days (range 4-30 days). Thus, the median cost
for an all-cause diarrhea admission was US $1,375 (8,013
DKK), and total cost for 2,935 annual admissions was
therefore ~US $4.6 million (=27.1 million DKK) per year.

In terms of duration, 63% of rotavirus-associated
hospitalizations lasted <3 days; 21%, 4-6 days; 9%, 7-13
days; and 7%, >13 days. By using the Poisson regression
model estimate of 780 annual rotavirus-associated hospi-
talizations, we found the total direct medical cost of rota-
virus hospitalizations to be ~US $1.7 million (9.9 million
DKK) per year. By using the indirect method estimate of
840 annual rotavirus-associated hospitalizations, we found
the direct medical costs to be US $1.8 million (=10.4 mil-
lion DKK).

Discussion

A decision to introduce new rotavirus vaccines into
Denmark and most other European countries is likely to
be based on a vaccine’s ability to protect against severe
disease and prevent hospitalizations. Due to a combination
of underreporting, low prevalence of testing for rotavirus,
and misclassification, hospital episode statistics are rarely
sufficient for assessment of the extent of national rotavi-
rus-associated disease. Studies from the United Kingdom
(17) and United States that used hospital discharge data
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have shown how the proportion of children coded with the
specific rotavirus disease code often represents a gross un-
derestimate (/8). These observations can be explained in
part by the combination of poorly defined criteria at most
hospitals for requesting rotavirus testing and the fact that
physicians’ diagnostic objective is often differentiation be-
tween the nosocomial highly active transmitting rotavirus
and other less infectious agents for the purpose of isolation
rather than therapeutic choices.

Our age-specific analyses demonstrated the magnitude
of severe rotavirus infections among infants and young
toddlers and showed disease peaks at 7 and 12 months of
age. We believe the first peak is related to waning maternal
antibody levels and the second peak to daycare attendance
by Danish children (an effect of crowding and highly infec-
tious transmissible environments).

Studies of seasonal trends of diarrhea-associated hos-
pitalizations have shown that hospitalizations coded as di-
arrhea of nonspecified viral origin as well as diarrhea of
presumed infectious origin have a marked winter peak,
which suggests incomplete registration of rotavirus admis-
sions. Our 2 different models estimated the annual rotavi-
rus-associated hospitalizations to be between 780 and 840.
We find it likely that the true contribution by rotavirus to
all diarrhea-admissions is somewhere in between these
numbers—or even higher, as the study from the late 1970s
showed that rotavirus was identified among 37% of chil-
dren admitted at a major Danish county hospital (15). A
more recent estimate suggests that rotavirus infection con-
stitutes an even higher proportion of diarrhea cases, =60%
during the rotavirus seasonal months of December through
April, but these data are based on a limited sample size
of 69 (11). An updated prospective study of rotavirus and
other diarrhea pathogens among children in Denmark is
needed to further specify this estimate.

Despite underreporting and misclassification of rota-
virus cases that results in gross underestimation of rotavi-
rus disease, the coding of rotavirus diagnosis is relatively

e Pt {1 ® 1,081}
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Figure 3. Seasonality of diarrhea-associated hospitalizations of
children <5 years of age, Denmark, 1994—2005.
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stable over time. The NPR system could be used as a timely
and relatively sensitive tool by which to monitor the effec-
tiveness of rotavirus vaccines. However, doing so would
require improvements such as complete registrations of ro-
tavirus infections, validation of diagnoses, and implemen-
tation of national guidelines for rotavirus sample collecting
and testing.

A routine, universal rotavirus immunization program
with a vaccine that is 75% effective against infection would
prevent ~45,000 cases of diarrhea annually among Danish
children. If effectiveness were 95% against hospitalization,
~700-800 hospitalizations could potentially be avoided
per year, resulting in direct medical cost savings of ~US
$1.6 million. This estimate includes neither the number of
nosocomial transmissions or outpatient visits prevented nor
the indirect costs incurred when parents are forced to stay
home from work to take care of sick children, factors that in
western societies are likely more influential than the prob-
lem of hospitalization alone (/9). Weighing the health ben-
efits of vaccination against its costs requires a measure like
quality-adjusted life years, which takes both reduced illness
and death into account, and subsequent cost-effectiveness
analyses in which the healthcare-associated as well as the
societal costs are considered.

Our study provides updated information on the extent
of disease and the cost of diarrhea- and rotavirus-specific
hospitalizations in a European country. These data are of-
ten requested by health officials (20) to help increase the
awareness of rotavirus disease in Europe and help health
officials assess the potential benefits of disease prevention
through vaccination.
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Strategies to Reduce Person-to-
Person Transmission during
Widespread Escherichia coli

0O157:H7 Outbreak

Edmund Y.W. Seto,* Jeffrey A. Soller,T and John M. Colford Jr*

During the Escherichia coli O157:H7 outbreak in 2006
in the United States, the primary strategy to prevent illness
was to advise consumers not to eat spinach. No widespread
warnings were issued about preventing person-to-person
(secondary) transmission. A disease transmission model,
fitted to the current data, was used to investigate likely re-
ductions in illnesses that could result from interventions to
prevent secondary transmission. The model indicates that
exposure to contaminated spinach occurred early in the
outbreak and that secondary transmission was similar to
that in previous E. coli outbreaks (~12%). The model also
suggests that even a modestly effective strategy to interrupt
secondary transmission (prevention of only 2%-3% of sec-
ondary illnesses) could result in a reduction of ~5%—11% of
symptomatic cases. This analysis supports the use of wide-
spread public health messages during outbreaks of E. coli
0157:H7 with specific advice on how to interrupt secondary
transmission.

Widespread distribution of contaminated spinach was
implicated in an Escherichia coli O157:H7 (E. coli
0157) outbreak in the United States in 2006. As of Sep-
tember 24, 2006, a total of 173 cases had been reported
in 25 states; 88% of cases were reported over an 18-day
period from August 19 through September 5, 2006 (/).
The outbreak strain was particularly virulent, resulting in
1 death, 53% of patients being hospitalized, and a 16% rate
of hemolytic uremic syndrome. At the time of our analysis,
the potential extent of the outbreak was unknown because
new cases were still being reported. The Centers for Dis-
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ease Control and Prevention (CDC) and the US Food and
Drug Administration advised consumers not to eat spinach
as the primary strategy for protecting against foodborne
transmission of E. coli O157 (2). No warnings, however,
were issued regarding the prevention of person-to-person
(secondary) transmission.

According to recent studies on the extent of second-
ary transmission for E. coli O157 and other pathogens, the
initially reported foodborne illnesses in the outbreak may
have represented only a small fraction of a larger outbreak
that included asymptomatic infections and secondary in-
fections among household members of infected persons
and other close contacts. Specifically, the E. coli O157 lit-
erature indicates that a large proportion (72%) of infections
are asymptomatic (3), exposure to low doses can result in
infection (4), and reported secondary transmission rates are
on the order of 4%—16% (5). Further, outbreaks of shigel-
losis (6), cryptosporidiosis (7), and giardiasis (8,9) indicate
that other highly infectious enteric pathogens can spread
from person to person after being introduced into a com-
munity through water, food, or other sources (9). Recent
adenovirus outbreak data indicate that persons with asymp-
tomatic infection who are shedding virus can be a primary
cause of continual transmission of infection (/0). And in
a prolonged giardiasis outbreak that occurred in late 2003
in a Boston, Massachusetts, suburb, 30 primary cases of
giardiasis attributed to a children’s swimming pool resulted
in 105 secondary cases among persons from the same or
socially related households. New cases of giardiasis con-
tinued to occur for up to 4 months after the pool was closed
for the season (9).

Using an epidemiologically based disease transmis-
sion model, we investigated the potential for reducing the
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number of symptomatic infections (cases) of E. coli O157
by using interventions designed to reduce secondary trans-
mission during the course of the 2006 E. coli O157 out-
break in the United States. We assumed that a combination
of possible intervention strategies to interrupt secondary
transmission would have a range of possible levels of effec-
tiveness. These strategies would include strongly recom-
mending handwashing, avoiding contact with persons with
diarrhea (of any cause), meticulously preparing food, and
avoiding work or school when ill with any gastrointestinal
sign or symptom. Initiation of these strategies was assumed
to occur at the same time as CDC’s first press release on the
outbreak on September 14, 2006, 1 week later, and 2 weeks
later. We assumed that these strategies would reduce the
transmission of infection to healthy persons from persons
with both symptomatic and asymptomatic infections.

Methods

An existing epidemiologic model for disease transmis-
sion (/1,12) was adapted to simulate the 2006 US E. coli
0157 outbreak. The most recent data from CDC (/3) were
used, along with data from the published literature, to rep-
licate the E. coli O157:H7 prevalence estimated by CDC in
the United States and the reported outbreak conditions as of
September 19, 2006 (/3), and then to evaluate the potential
effect of the timing and effectiveness of interventions on
secondary infections.

Our modeling approach is consistent with a large base
of literature that describes the use of dynamic population
models in the study of epidemics (/4-/6) and environ-
mental disease processes (/7-19). Our model consists of
5 population-level epidemiologic states that account for
persons who are susceptible (S), exposed (£), infected but
asymptomatic carriers (C), diseased (D), and postinfection
(P) (Figure 1).

There are 3 possible routes of exposure that move per-
sons from the susceptible (S) to the exposed (£) state. These
include environment-to-person infection (ﬂep), person-to-
person infection (ﬂpp), and infection through consumption
of contaminated spinach (ﬂ:pinach)' We assume that all infec-
tions take some time to manifest signs or symptoms (the
incubation period). During this incubation period, persons
are in the exposed state. Once sufficient time has passed for
infections to become clinically apparent, persons are either
carriers (in state C) or diseased (D). A proportion of the
exposed persons move to the carrier state, C, at a rate in-
versely related to the duration of incubation (20,27). Symp-
toms develop in the remaining proportion of the exposed
population that becomes infected, and these persons move
to the diseased state, D (3). From both the asymptomatic
and diseased states, C and D, persons recover and move
to state P at a rate inversely proportional to the duration
of infection (22-24). Finally, persons in state P become
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Figure 1. Conceptual model for disease transmission. Solid lines
represent movement of persons between epidemiologic states;
dotted lines represent routes of exposure.

susceptible again, moving to a susceptible state, S, at a rate
inversely proportional to the duration of immunity.

The model was first calibrated to CDC’s estimate of
73,480 annual US cases (25) and to reported rates of sec-
ondary transmission (5,9). With the model calibrated to
transmission levels for endemic E. coli O157, we modeled
the additional contribution of cases attributable to the out-
break. We assumed that exposure to contaminated spinach
began on August 19, approximately when cases were first
identified, and allowed the rate of transmission, (,b’spmch),
and the number of days of exposure to vary to fit the report-
ed outbreak incidence of 131 cases from August | through
September 19 with 122 of these cases (93%) occurring
from August 19 through September 5 (/3). The mathemati-
cal details of the model and its calibration are described
in the online Appendix (available from www.cdc.gov/EID/
content/13/6/860-app.htm).

The effect of the timing of interventions on person-
to-person transmission with various levels of effectiveness
was then evaluated. Three timings for the intervention were
considered. The first was assumed to be initiated when
CDC issued its first press release on the outbreak on Sep-
tember 14, 2006; the second and third timings were 1 and 2
weeks later, respectively. The interventions were assumed
to reduce secondary transmission by 1%—-25%. The number
of averted cases was computed by comparing the number
of cases with and without the intervention.

We also considered a range of possible levels of sec-
ondary transmission on the basis of prior reports that per-
son-to-person transmission is responsible for 12% (5) and
75% (9) of the cases in a community during an outbreak
from a highly infectious and transmissible pathogen. Inter-
mediate values of secondary transmission, 25% and 50%,
were also considered. Confidence intervals (Cls) for the
number of averted cases due to the interventions were com-
puted from 500 Monte Carlo simulations for the various
secondary transmission rates. For each Monte Carlo simu-
lation, we randomly sampled parameter values from the un-
certainty ranges specified in the Table. Model simulations
were implemented in Mathcad 13.0 (26).
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Table. Disease transmission model parameter values

Description

Model parameter

Values used for base analysis (range*)

Mean duration of incubationt

Probability of symptomatic response

Mean duration of infection*

Mean duration of protection from infection*
Hypergeometric dose response relation

Nonoutbreak annual disease incidence in United States
Population

Proportion of cases due to person-to-person transmission
Timing of interventions

Effectiveness of Interventions

C 5d(2-8d)
Psym 0.28
o, 0 16 d (4-29 d)

y 56 d (35-77 d)
a, p 0.08, 1.44

73,480 cases
N 275 million persons
k 0.12-0.75
0, 1, and 2 weeks after press release

R(t) 1%—25%

*Range used for uncertainty analysis.
tInverse is used as a rate in the model (i.e., units of days‘*).

Results

To replicate the relatively large percentage (122
[93%]) of the 131 cases reported from August 19 through
September 5, 2006, we assumed that exposure to contami-
nated spinach likely occurred comparatively early in the
outbreak. Fitting the model to the case data was only pos-
sible when foodborne exposure occurred before August 22.
This date is considerably earlier than CDC’s initial press
announcement (27), which was released 23 days later. If
substantial foodborne transmission occurred after August
22, secondary infections would have greatly extended the
outbreak period. Moreover, 4 days of exposure was suf-
ficient to result in the outbreak, which suggests that expo-
sures were largely limited to the earliest days of the out-
break. Generally, there was also a narrow window in which
the outbreak could have started. For instance, we could also
fit the calibration data if we assumed the outbreak start-
ed a day earlier, on August 18, with 1-4 days of ensuing
exposure.

We were able to replicate the reported case data with
our model under the assumption of 12% secondary infec-
tions. However, we could not replicate the case data under
the assumption of 50% and 75% secondary infections. For
both the 50% and 75% secondary infection assumptions,
with a very short period of exposure, it was possible to fit
122 new cases of illness between August 19 and September
5; however, simulations of the model resulted in more sec-
ondary infections than suggested by the case data. Under
the assumption of 25% secondary infections, the model fit
the case data well, with only 5 more new infections after
September 5 than reported. This result suggests that either
secondary transmission was not as high as 50%—75% for
this outbreak or the percentage of cases after September 5
was underreported.

Simulated interventions for person-to-person trans-
mission decreased the number of ill persons, with greater
reductions for higher levels of secondary transmission
(Figure 2). With higher levels of secondary transmission
(Figure 2B), the timing of interventions has a greater ef-
fect on the number of averted cases. However, with greater
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secondary transmission, the outbreak period is extended,
which allows more time to organize a campaign against
person-to-person transmission and a greater opportunity to
reduce secondary hospitalizations and deaths.

Considering the number of cases that could be averted
by an intervention such as a campaign to encourage hand-
washing and isolation of persons with diarrhea under a
varying range of effectiveness (Figure 3), we found that
such programs can be inefficient and still substantially re-
duce secondary transmission. Even if a campaign were ini-
tiated relatively late in the outbreak (day 51), the number
of cases would be reduced. The reduction increases expo-
nentially with increasing levels of secondary transmission
(Figure 3). Specifically, with 12% secondary transmission,
~6 (5%) of cases are averted. Averted cases increase to 16
(11%) and 61 (29%) with 25% and 50% secondary trans-
mission, respectively. With 75% secondary transmission,
a much larger number of illnesses can be averted (=225
[57%]). The 95% CIs for the 12% secondary transmission
rate scenario were 0.2—19 cases averted (0%—14% of total
illnesses); for the 25% secondary transmission rate scenar-
i0, CI were 0.5-59 cases averted (0%—38% of total cases).

Discussion

The first mathematical models to analyze the spread
and control of infectious diseases were developed in the
early 20th century in attempts to understand measles (28)
and malaria (29). This field grew exponentially in the mid-
dle of the 20th century. A tremendous variety of models
have now been formulated, mathematically analyzed, and
applied to infectious diseases (/6). Mathematical models
of disease transmission have become important tools that
have led to understanding the transmission characteristics
of infectious diseases in communities and better approach-
es to decreasing the transmission of these diseases (/6,30).
We applied such a model to the 2006 spinach-associated
E. coli O175 outbreak to analyze data as they were still be-
ing collected to evaluate the effectiveness of strategies that
might reduce person-to-person transmission of infection.
The model as constructed allows for investigation across
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Figure 2. Number of ill persons over time, calibrated to the outbreak
case data (131 cases from August 2 to September 19, 2006, with
93% of illnesses from August 19 to September 5, 2006) and to
the timing of a person-to-person intervention program under the
assumptions of 12% (A) and 75% (B) secondary transmission.

the full range of possible values for all relevant variables,
including the rate of secondary transmission and the effec-
tiveness of intervention strategies.

Public health messages about the importance of dis-
ease prevention methods (such as frequent handwashing,
covering one’s mouth when coughing or sneezing, and
staying at home when ill) to prevent secondary transmis-
sion of infection routinely are conveyed during influenza
outbreaks (37). Although the prevention of secondary
transmission is a specific goal of hospital guidelines for the
care of patients with diarrhea, such advice was not a focus
of the public health messages disseminated for the 2006 E.
coli O157 outbreak. We hypothesized that the interruption
of secondary transmission might have had a useful role as
an additional tool in managing this outbreak. A mathemati-
cal model that replicated the published data available as of
September 19, 2006, was created. This model was used to
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examine the effect that various levels of effective interrup-
tion of secondary transmission would have on the course of
the outbreak.

The model results suggested 2 findings. First, exposure
to contaminated spinach apparently occurred early in the
outbreak and was likely at low levels after that. Second,
this E. coli outbreak appears to be more similar to previ-
ous E. coli outbreaks than to a large-scale 2003 giardiasis
outbreak (8,9), in terms of person-to-person contribution
to the overall outbreak-attributable incidence of infection.
Despite wide confidence bounds on our estimates, our find-
ings suggest that even a modestly effective strategy to in-
terrupt secondary transmission (resulting in prevention of
2%-3% of secondary cases) could have resulted in a me-
dian reduction of =5%—11% of infected and symptomatic
persons. Not all secondary infections are averted by the
interventions because they are assumed to be initiated rela-
tively late and because they are not completely effective.
The number of averted cases, however, increases exponen-
tially with increasing rates of secondary transmission, and
the results suggest that these programs would have substan-
tial benefits even if they are implemented relatively late in
an outbreak.

Limitations

Several simplifying assumptions were needed to con-
duct the analysis. These assumptions relate to the form of
the disease transmission model, interpretation of the avail-
able outbreak data, and treatment of the variability and un-
certainty in the data used to inform the model.

With respect to the selected disease transmission mod-
el, a variety of model forms can be used to characterize
infectious disease transmission and to evaluate the poten-
tial for effective interventions. Particular characteristics of
each model form capture different aspects of the disease
transmission system (32). In this analysis, the salient as-
sumption was that the epidemiologic status of the popula-
tion could be approximated reasonably well with the rela-
tively simple structure of the disease transmission model.
Other model structures also might yield additional or alter-
native insights. For example, if “super-spread” events are
important determinants in characterizing the magnitude of
disease transmission (30) during outbreaks such as this one,
stochastic dynamic modeling may be necessary.

Another limitation of our study is the lack of data on
efficacy of person-to-person reduction strategies specific
for E. coli transmission. The person-to-person transmission
rate and reduction due to handwashing were assumed to be
the same for both symptomatic and asymptomatic persons,
and the effect on the course of the epidemic (specifically,
the number of cases averted) of these strategies was exam-
ined for a wide range of possible levels of effectiveness.
Symptomatic and asymptomatic persons were assumed to
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Figure 3. Number of illnesses averted because of a person-to-
person transmission intervention for varying rates of secondary
transmission and levels of intervention effectiveness. The
intervention campaign is assumed to start 1 week after the press
release, September 21, 2006 (day 51 of the outbreak).

transmit E. coli O:157 to susceptible persons in the same
manner, since we have no data to suggest otherwise. It is
possible that symptomatic-to-susceptible transmission may
be greater than asymptomatic-to-susceptible transmission
and that interventions may be more effective among per-
sons with symptoms. Increasing the rate of symptomatic-
to-susceptible transmission by 8% over the asymptomat-
ic-to-susceptible rate indeed results in a small increase in
averted cases. If new data on the differences between per-
son-to-person transmission rates and/or person-to-person
reduction efficacies become available, the parameterization
of the model could be improved.

As noted previously, detailed information describing
the timing of exposures to E. coli O157 through contami-
nated spinach and subsequent outbreak cases was not yet
available at the time of our analysis. Thus, the model is lim-
ited by the precision and completeness of the case-report-
ing data. The model can be updated easily when additional
data become publicly available. Despite these limitations,
available data were sufficient to suggest that foodborne
transmission was terminated early in the outbreak and that
interventions to reduce secondary transmission could be
very effective.

Finally, in the interest of producing timely results that
might influence the control of the outbreak, median param-
eter values were used to calibrate exposure to the observed
case data. Holding these exposures constant, Monte Carlo
simulations were subsequently used to explore the variance
and uncertainty in the estimates of averted cases. This re-
sulted in large confidence bounds. When more complete
case data become available, the data may reduce the un-
certainty not only in the timing of the exposure but also in
the values of the remaining parameters and the estimate of
averted cases. In the past, we have explored such calibra-
tions with Monte Carlo methods (/1,33-35).
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Public Health Implications

Public health strategies for preventing secondary trans-
mission could include public media campaigns reminding
the population of the importance of handwashing, avoiding
contact with feces, minimizing nonessential contact with
persons with diarrhea, meticulous care when preparing and
consuming food, and staying at home from work or school
when having any diarrhea during the outbreak period. Any
of these strategies could be targeted to communities in
which any cases of E. coli O:157 had been reported and
scaled to regional or national audiences when appropri-
ate. Messages for all of these strategies can be delivered
inexpensively to large or targeted populations through a
variety of media (television, radio, print, Internet). That
public health officials already have the ability to launch
rapid and successful infection control messages to the pub-
lic was demonstrated during the outbreak of severe acute
respiratory syndrome (36). In the future, public health of-
ficials might even rapidly deliver urgent health messages
to a large population in a city or region through voluntary
preregistration of email addresses as part of an emergency
alert network that includes the media and public health
officials. At the first appearance of evidence of an E. coli
0157 outbreak, a message with clear instructions could be
distributed to thousands or tens of thousands people at risk
locally, regionally, or nationally, and to specific subgroups
at high risk, such as the young, the elderly, or the immuno-
compromised.

We did not formally estimate in our model the eco-
nomic tradeoffs between a public health campaign to re-
duce secondary transmission compared with the costs of
hospitalizations and medical care for persons with this dis-
ease. However, because the hospitalization costs of a single
E. coli O157 case complicated by death from hemolytic
uremic syndrome are estimated to be as high as US $6.2
million per case, we believe that such a campaign would be
highly cost-effective (37). Given the potential public health
benefits to be gained by these actions, and the low costs
associated with their implementation, these strategies also
may be relevant for outbreaks from other highly infectious
pathogenic microorganisms.

The individual effects of these intervention strategies
when used alone or in combination to interrupt secondary
transmission were not modeled. Rather, we assumed that a
combination of strategies would be used and would have
some combined benefit. We intentionally examined the
possible benefits across a wide range of possible levels of
effectiveness. As expected, higher levels of effectiveness
resulted in greater impact on the outbreak. However, even
fairly low levels of intervention effectiveness (such as 2%—
3% interruption in secondary transmission) led to reduc-
tions (5%-11%) in the number of cases attributable to the
outbreak. Further study is needed to select the individual
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secondary control strategies to use if limiting the number
of specific prevention strategies is necessary.

Implications for Future Outbreaks

Public health officials have the necessary authority to
issue and widely distribute guidelines for preventing sec-
ondary transmission. Some readers might question whether
our results are a sufficient demonstration to justify a large-
scale campaign by public health officials to prevent sec-
ondary transmission. If additional proof were demanded,
various study designs could be used to evaluate the effec-
tiveness of media campaigns to help to control outbreaks.
As 1 example, a relatively simple ecologic study could cor-
relate incidence rates with local press coverage in different
communities. A more definitive design, however, would
be a randomized, controlled trial. Such a trial might, for
example, randomize 50% of the affected areas to a “media-
blitz” that explained the importance of handwashing, stool
precautions, and other measures including those discussed
above; the other communities would receive the public
health messages currently delivered during outbreaks. The
rapidity with which the outbreak is terminated would be the
principal outcome of interest. However, obtaining approval
to run such an experiment may be difficult because such a
trial would only be ethically justified if the investigators
could convince a review panel that sufficient uncertainty
about the effectiveness of the intervention exists.

Conclusion

Our analysis of the 2006 E. coli O157 outbreak due
to contaminated spinach in the United States supports the
assertion that health officials should consider rapidly deliv-
ering widespread public health messages with specific ad-
vice on how to interrupt secondary transmission of £. coli
O157. The results suggest that such an intervention, even
if only modestly successful, could meaningfully reduce the
number of cases.
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Bovine Spongiform Encephalopathy
and Spatial Analysis of the Feed
Industry

Mathilde Paul,* David Abrial,* Nathalie Jarrige,T Stéphane Rican,f Myriam Garrido,* Didier Calavas,T
and Christian Ducrot*

In France, despite the ban of meat-and-bone meal
(MBM) in cattle feed, bovine spongiform encephalopathy
(BSE) was detected in hundreds of cattle born after the ban.
To study the role of MBM, animal fat, and dicalcium phos-
phate on the risk for BSE after the feed ban, we conducted
a spatial analysis of the feed industry. We used data from
629 BSE cases as well as data on use of each byproduct
and market area of the feed factories. We mapped risk for
BSE in 951 areas supplied by the same factories and con-
nection with use of byproducts. A disease map of BSE with
covariates was built with the hierarchical Bayesian mod-
eling methods, based on Poisson distribution with spatial
smoothing. Only use of MBM was spatially linked to risk
for BSE, which highlights cross-contamination as the most
probable source of infection after the feed ban.

n France, meat-and-bone meal (MBM) has been banned

from cattle feed since July 30, 1990. However, through
January 1, 2007, 957 cases of bovine spongiform encepha-
lopathy (BSE) have been detected in cattle born after the
ban. These cases provide evidence that BSE control has
not been entirely effective, which poses a concern because
BSE is a zoonotic disease, a source of variant Creutzfeldt-
Jakob disease (vCJD). Until now, 158 definite or probable
cases of vCJD in humans have been detected in the United
Kingdom (www.cjd.ed.ac.uk/figures.htm, consulted March
12, 2007) and 21 in France (www.invs.sante.fr/recherche,
consulted March 12, 2007). The risk for humans is con-
trolled by removing specified risk materials from human
consumption (since 1996 in France, later in other European
countries) and testing all cattle at the abattoir with a rapid

*Institut National de la Recherche Agronomique (INRA), Saint Ge-
nés Champanelle, France; TAgence Francaise de Sécurité Sanitai-
re des Aliments (AFSSA), Lyon, France; and fUniversité Nanterre
Paris X, Paris, France
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test (since 2001 in continental European Union). However,
these measures are expensive. Achieving 100% control of
the spread of BSE is a major challenge, important for hu-
man health but limited by economic constraints.

The main hypothesis concerning the source of infec-
tion in cattle born after the MBM ban still involves MBM;
the BSE agent may have entered cattle feed by cross-con-
tamination with feed for monogastric species (pigs and
poultry) in which MBM was still authorized until Novem-
ber 2000. Cross-contamination could have occurred within
factories, during feed delivery to the farm, or on mixed
farms that have cattle and pigs or poultry. This hypothesis
is supported by the finding of MBM traces in cattle feed (/)
as well as by epidemiologic studies that showed a spatial
link between density of monogastric species and risk for
BSE (2-7).

Another hypothesis, however, suggests the role of oth-
er animal byproducts such as fat and dicalcium phosphate
(DCP) derived from bones, which were not prohibited in
cattle feed before 2000. Such components might have been
contaminated by the BSE agent during cattle slaughter (/).
Clauss et al. (5) found a statistically higher use of milk re-
placers (which contain animal fat) for calves on BSE-af-
fected farms in Germany, and the same type of association
was observed in France for scrapie in sheep (§).

More knowledge about these factors is critical for the
management of the BSE risk, as the BSE epidemic decreas-
es and pressure increases to release progressively more
stringent control measures. Risk for BSE was spatially het-
erogeneous in France for the infected cattle born after the
ban (9), meaning that the source of infection might be spa-
tially heterogeneous. If animal byproducts were a source
of BSE for cattle born after the ban, we would expect a
higher risk for BSE in areas with higher use of those animal
byproducts in feed. We therefore investigated geographic
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variations in the use of animal byproducts in feed factories
(MBM for monogastric species, animal fat and animal DCP
for cattle) and explored their spatial link with risk for BSE
in the market areas of the factories.

Methods
Data Collection

BSE Cases

BSE cases are recorded in the BSE database of the
Agence Francaise de Sécurité Sanitaire des Aliments (AFS-
SA) in Lyon, France. The period we considered for case de-
tection was July 1, 2001, through December 31, 2005. This
choice enabled us to obtain precise and comparable data
because during this period detection of BSE was based on
the mandatory reporting system and on the comprehensive
active surveillance program (/0,11); these 2 systems are
complementary and ensure screening of every bovid >24
months of age, dead or slaughtered.

Because feed produced before the ban was not recalled
and to account for possible stocks of feed, our study was
restricted to BSE-infected cattle born after January 1, 1991.
As shown in previous studies (/2,13), the source of infec-
tion for cattle born after the ban and for those born after
a complementary reinforced ban implemented in 1996
(www.agriculture.gouv.fr/esbinfo/esbinfo.htm, consulted
September 7, 2006) appear to be the same. Therefore, to
increase the statistical power of the study, we combined
infected cattle born after the ban with those born after the
complementary reinforced ban.

BSE cases considered in the analysis were in clinically
suspected animals confirmed at AFSSA with Western blot or
immunochemical tests and in animals with positive test results
(same techniques) among the entire cattle population tested
within the active surveillance program (/7). The location of
the BSE-infected cattle was defined by the center of the com-
mune (French community, 36,582 units, average 15 km?) of
the farm in which the animal had been raised during the 612
months after birth; according to modeling results, this period
corresponds to the highest risk for infection (/4,15).

Cattle Characteristics and Demographics

The background population was based on demography
of female adult bovids available at the canton level (3,705
units, average 150 km?). Data were obtained from the Ag-
ricultural Census 2000 (CD-ROM, edited by Agreste, 251
rue de Vaugirard, 75732 Paris, France). Because BSE inci-
dence varies according to production type, the cattle popu-
lation was divided into dairy and beef (3,16, 17); incidence
was defined by breed of the animal or production type of
the farm (when breed was not recorded or when animal was
a mixed breed).

868

Factory Data

From March 2004 through June 2005, the Ministry of
Agriculture (Direction Générale de I’ Alimentation) used a
questionnaire designed by the authors to investigate facto-
ries that produced compound feed for cattle. The period of
interest for the questionnaire was January 1, 1991, through
November 2000 (date of the total ban of MBM and byprod-
ucts in feed for all species). The 4 characteristics used in
the analysis were market area (geographic area in which
the factory was delivering feed), use of MBM in feed for
monogastric species, use of animal fat in cattle feed, and
use of animal DCP in cattle feed. Factories were located
by the commune center. Canton perimeters and commune
centers were provided by GEOFLA France Métropolitaine
(Institut Géographique National, Paris, France; version 6;
2002).

Mapping Use of Byproducts in Feed Factories

Each factory had a unique market area; market areas
varied in size and partly overlapped. To handle this com-
plex situation, we listed all factories that delivered feed in
each canton; then we used ArcView GIS (ESRI Inc. Red-
lands, CA, USA) to perform a spatial aggregation of all
cantons that used the same set of factories and called this a
delivery area. From 327 market areas, this process divided
the territory into 943 delivery areas. Consequently, each
delivery area could be considered homogeneous for the risk
related to factories. For each byproduct (MBM, animal fat,
animal DCP), exposure of cattle in a given delivery area
was estimated by the proportion of factories that used this
byproduct in the area (number of factories that used the
byproduct divided by total number of factories in the area).
The exposure of each area to each byproduct was then clas-
sified in quintiles and mapped. Use of quintiles enabled us
to have a central class. To improve the legibility of the map,
we smoothed it by using a spatial interpolation (kriging) of
the values of the exposure in the delivery areas.

BSE Risk and Spatial Link with Use of Byproducts

To assess the relative risk for BSE—comparing risk in
a given delivery area with average risk in the nation—we
modeled the distribution of the number of BSE cases, tak-
ing into account the bovine demography in each area and
the geographic adjacency of areas (/8—27). The method is
explained in detail in the online Technical Appendix, avail-
able from www.cdc.gov/EID/13/6/867-Techapp.htm. A
basic model (model 0) without covariate (factor explaining
the risk) was assessed to represent the risk for BSE in each
area, following a method used previously (9); the relative
risk for BSE in the area was then classified in quintiles, as
was risk for exposure.

The crude link between exposure to each byproduct
and risk for BSE was assessed by the crossing of the 5 lev-
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els of the relative risk for BSE and the 5 levels of the ex-
posure to MBM, animal fat, and animal DCP, respectively,
which was reported in a 5x5 array table. The 25 cells of
the table were classified in 5 groups on which the mapping
of the crude link was based. Groups 1 and 2 represented a
concordant relationship between the relative risk for BSE
and exposure, i.e., high exposure with relative risk for BSE
>1 on the one hand, and low exposure with relative risk
for BSE <1 on the other. Groups 3 and 4 represented a dis-
cordant relationship, i.e., high exposure with relative risk
<1 and the converse, and group 5 was intermediate. Fur-
thermore, the crude link between the use of each byproduct
in the area and the relative risk for BSE was tested with a
Spearman rank correlation unilateral test.

Finally, the adjusted link between exposure to each by-
product and risk for BSE was assessed by including covari-
ates in the hierarchical Bayesian model. We successively
incorporated all covariates with a significant crude link
with BSE, following a method used in a previous work (22)
and shown in detail in the online Technical Appendix.

Sensitivity Analysis Regarding Missing Data

To test the effect of possible bias due to missing data,
we conducted a sensitivity analysis. We assumed that miss-
ing data were randomly distributed for animal fat and ani-
mal DCP, which were still authorized in cattle feed until
November 2000. For MBM, however, we hypothesized
that lack of answer could be a way to escape the question;
because MBM was prohibited for cattle, cross-contamina-
tion of cattle feed with MBM in feed for monogastric spe-
cies should in fact be the responsibility of manufacturers
that were not successful in controlling such a risk within
their factories. So we tested a fictitious situation under a
worst-case scenario: all missing data about MBM would be
related to use of MBM in feed for monogastric species. The
crude link between the use of MBM and the relative risk
for BSE was mapped under this scenario and tested with a
Spearman rank correlation unilateral test.

Results

Use of Byproducts in Feed Factories

We identified 327 factories that were producing com-
pound feed for cattle during the study period (Figure 1).
From the market areas, we divided the territory into 943
delivery areas (Figure 1), 7-9,734 km? (average 578 km?);
4-33 (average 16) factories delivered in a given area. Fac-
tories that did not answer questions on a given risk were
excluded from analysis, except for the sensitivity analysis.
The final sample with complete data was composed of 255
factories for the risk concerning MBM, 248 for animal fat,
and 220 for animal DCP. In the delivery areas, the propor-
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Figure 1. Location of the 327 feed factories that produce compound
feed for cattle and location and size of the 943 delivery areas.
Unshaded delivery areas were excluded from analysis because
they did not contain cattle.

tions of factories that used animal byproducts (Figure 2)
were 16.7%—71.4% for MBM, 5.3%—68.8% for animal fat,
and 13.3%-88.9% for animal DCP.

Relative Risk for BSE and Crude Link
with Factory Variables

From July 1, 2001, through December 31, 2005, 525
BSE-infected cattle born after the ban and 104 born after
the complementary reinforced ban were detected in France
(Figure 3A). Among these 629, 505 were detected in the
dairy cattle population (4.2 million) and 124 in the beef
cattle population (4.3 million). The relative risk for BSE,
based on the model without covariate (Table, model 0),
varied between 0.49 and 2.29, depending on the area (Fig-
ure 3B). The maps of the crude link between relative risk
for BSE and factory variables (Figure 4) show the concor-
dant and discordant areas between the relative risk for BSE
and use of each byproduct.

According to the Spearman rank correlation unilateral
test, only use of MBM (p = 0.43, p<0.001) and use of ani-
mal fat (p = 0.39, p<0.001) appeared significantly linked to
the relative risk for BSE. For MBM, the link remained the
same (p = 0.43, p<0.001) when we performed the sensitiv-
ity analysis and replaced missing data with “yes”’; we there-
fore eliminated missing data from the analysis. Because the
link between animal DCP and the relative risk for BSE was
not significant, this covariate was not incorporated into the
disease mapping models.
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Figure 2. Mapping of the proportion of factories using meat-and-
bone meal for monogastric species (A), animal fat for cattle (B),
and animal dicalcium phosphate for cattle (C) in the delivery areas.
The legibility of the maps was improved by smoothing with a spatial
interpolation of the exposure level in the delivery areas.

Disease Mapping Models

The Table presents the set of models assessed with
the covariates MBM and animal fat. We deduced from the
lowest deviance information criterion (DIC) value of mod-
els 1 (ADIC = -5.0) and 3 (ADIC = -3.0) that only use
of MBM significantly influenced the relative risk for BSE.
The results of conformity tests /7 : f, = 0 were significant
(p<0.03). The model quantified the effect of the risk factor:
the risk for BSE was 3.8 higher in a delivery area in which
100% of the factories used MBM compared with another
area in which none of the factories used MBM.

Discussion

We used spatial analysis to explore the link between
use of 3 byproducts (MBM, animal fat, animal DCP) in
factories that produced cattle feed and the relative risk for
BSE for animals born after the ban of MBM in cattle feed
in France. Among 327 factories, questionnaires were in-
complete for 72 (22%) for the use of MBM, 79 (24%) for
animal fat, and 107 (33%) for animal DCP. Our hypothesis
for missing data about animal DCP was that manufacturers
did not know the answer because they often bought premix
with preincorporated minerals. Therefore, lack of respons-
es should not be biased and should not affect the analysis.
We applied the same hypothesis to absence of information
bias for the use of animal fat because this byproduct was
allowed in cattle feed and manufacturers would have no
reason to hide data. For MBM, the hypothesis of a possible
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information bias (because MBM was banned from cattle
feed) was tested in a sensitivity analysis using a worst-case
scenario; this scenario did not change the result, so a pos-
sible information bias, if any, should not have modified the
results. The huge regional differences in the proportion of
factories using MBM, animal fat, and animal DCP might
have different explanations, including the local supply,
which is linked to local production or import availability,
and the differential interest in using each of these com-
pounds for feed for different species whose densities vary
in this French territory.

The main result of the spatial analysis provides evi-
dence of a significant adjusted spatial link between factory
use of MBM for monogastric species and the relative risk
for BSE. This result favors the effect of cross-contamina-
tion of cattle feed with MBM-containing feed for mono-
gastric species as a source of BSE for cattle born after
the ban of MBM. A recent epidemiologic study in France
(23) clearly showed that cattle that consumed feed from
factories were at risk for BSE after the feed ban; it also
showed that mixed farms were at a higher risk for BSE,
which indicates that cross-contamination has possibly oc-
curred on farms (by feeding monogastric-species feed to
bovines). These findings are in agreement with our results;
both studies complement each other and raise the question
of effectiveness of the ban that was initially restricted to
bovines and belatedly extended to other species to reduce
cross-contamination.

Our study did not implicate animal fat as a source
of infection. However, we cannot exclude a minor effect,
which would be impossible to prove given the power of
the study. Animal fat is considered potentially infectious
because of the solubility of prions (24,25) and the possible
contamination with protein impurities by contact with other
infectious materials at the slaughterhouse. Animal fat is in-
corporated in cattle feed in milk replacer and in proprietary
concentrates. Clauss et al. (5) identified milk replacer as a
potential risk factor for BSE in Germany, of importance
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Figure 3. Location of the 629 bovine spongiform encephalopathy
(BSE) cases under study (A) and disease mapping of the relative risk
for BSE compared with the average national risk (B). For improved
legibility, map B was smoothed using a spatial interpolation of the
relative risk for BSE in the delivery areas.
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Table. Estimations of regression parameters of the disease mapping model with covariates meat-and-bone meal and animal fat*

Model log, =e + Estimations of B Prediction interval Odds ratiot
0 N

DIC = 1596
! u; + By + BMBM, B, =-0.679+0.03 [-1.243, -0.116]

ADIC =-5.0 B, =1.337+0.007 [0.091, 2.562], p = 0.017 38
2 u; + By + BFAT, B, =—0.329+0.002 [-0.8,0.131]

ADIC =-1.0 B, =0.786+0.007 [-0.674, 2.230], p = 0.145 n.s.
8 u, + Py + BMBM  + f3,FAT, B, =—0.701+0.03 [~1.315, -0.094]

ADIC=-3.0 B, =1.296+0.008 [0.01, 2.686], p = 0.035 37

B, =0.124+0.009 [-1.456, 1.683], p = 0.438 ns.

*A,parameter of the Poisson distribution for area i; e; expected number of bovine spongiform encephalopathy cases for area i; 8, set of regression
parameters to link the relative risk to the covariates; u;, spatial component of smoothing for area i; MBM, meat-and-bone meal; FAT, animal fat; n.s., not
significant. Variations of the deviance information criterion (ADIC) were calculated in comparison with the DIC value of model 0. The 95% prediction
intervals were based on the quantiles of the Markov Chain Monte Carlo sample.

10dds ratio was computed as exp(B); it compares the bovine spongiform encephalopathy risk for a 100% difference in the use of MBM in the area.

comparable to proprietary concentrates; the case-control
study carried out in France (23) also found an effect of con-
sumption of milk replacer, but to a lesser extent. Regard-
less, distinguishing the specific effect of milk replacer and
proprietary concentrate in these studies was difficult.

- and - = concordance
I:lal\di |= discordance

Relative risk for BSE
[ i Claon

= gthers

Qi 29 273 32
Qugn, 20 455 571

Qe 714 B2E S

Q Q = quintile

Figure 4. Mapping of the crude link between the relative risk for
bovine spongiform encephalopathy (BSE) and the exposure to
meat-and-bone meal (A), animal fat (B), and animal dicalcium
phosphate (C). In the left part of the key are the limits of the quintiles
for each type of exposure (expressed in percent of factories using
the byproduct). In the rest of the key, for each type of exposure,
groups 1 and 2 represent a concordant relationship between the
relative risk for BSE and each type of exposure (high exposure
with relative risk for BSE >1, and low exposure with relative risk
for BSE <1); groups 3 and 4 represent a discordant relationship
(high exposure with relative risk <1 and the contrary); group 5 is
intermediate.

Concerning animal DCP, our study showed no effect
of its use in compound feed for cattle; however, we did not
take into account mineral and vitamin compounds fed to
cattle, which can incorporate animal DCP as well. Our re-
sults agree with those of the case-control study (23), which
did not provide evidence that use of mineral and vitamin
compounds affect risk for BSE; the authors considered
that the implication of animal DCP as a source of BSE, if
it existed, should have been marginal. In contrast, a risk
analysis by the European Food Safety Agency (www.efsa.
europa.eu/en/science/biohaz/biohaz_opinions/1440.html,
consulted 7 September 2006) highlighted the potential role
of animal DCP in cattle infection, which might be the same
order of magnitude as the residual risk from cross-contami-
nation with MBM. Our results do not support this assess-
ment; further studies would be useful.

Our spatial study highlighted the role of MBM as a
source of BSE after the ban of MBM for cattle, through
cross-contamination in feed factories. If we exclude delib-
erate use of MBM in feed for cattle (banned since 1990),
our findings indicate that feed manufacturers did not imple-
ment sufficient measures to avoid cross-contamination dur-
ing feed processing. Different key points were identified
by the French Ministry of Agriculture (B. Thiebot and X.
Delomez, pers. comm.) as minimizing risk for cross-con-
tamination. Some can be implemented quickly, such as the
sequence of processing, namely, banning the processing
of feed for monogastric species just before feed for cattle.
However, others are more difficult to implement, such as
automatic computation of formula, automatic computation
of the sequence of production, and automatic incorporation
of unsold products in feed. The ultimate way to eliminate
cross-contamination is to have a complete partition be-
tween the feed-processing chains dedicated to monogastric
species and to ruminants, a huge investment for the feed
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industry with low profit margins. Given the situation in the
field, the results of our study indicate that the total ban of
MBM for farm animals in November 2000 was essential
for controlling the spread of BSE.

In the current context of the decreasing epidemic, eco-
nomic pressure is increasing to release the ban of MBM
in feed for monogastric species. The prerequisite, from an
animal and human health perspective, is 100% efficient
control of the risk for cross-contamination at the factory
level and elsewhere. Releasing any control measure would
need comprehensive cooperation with the feed industry to
adapt their production units, which cannot be achieved in
the short term.
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Minority-Variant pfcrt K76T
Mutations and Chloroquine
Resistance, Malawi

Jonathan J. Juliano* Jesse J. Kwiek,* Kathryn Cappell,* Victor Mwapasa,t and Steven R. Meshnick*

Genotyping of the chloroquine-resistance biomarker
pfert (Plasmodium falciparum chloroquine resistance trans-
porter gene) suggests that, in the absence of chloroquine
pressure, Plasmodium falciparum parasites in Malawi have
reverted to chloroquine sensitivity. However, malaria infec-
tions in Africa are commonly polyclonal, and standard PCRs
cannot detect minority genotypes if present in <20% of the
parasites in an individual host. We have developed a mul-
tiple site—specific heteroduplex tracking assay (MSS-HTA)
that can detect pfcrt 76T mutant parasites consisting of as
little as 1% of the parasite population. In clinical samples, no
pfcrt 76T was detected in 87 pregnant Malawian women by
standard PCR. However, 22 (25%) contained minority-vari-
ant resistant genotypes detected by the MSS-HTA. These
results were confirmed by subcloning and sequencing. This
finding suggests that the chloroquine-resistant genotype re-
mains common in Malawians and that PCR-undetectable
drug-resistant genotypes may be present in disease-en-
demic populations. Surveillance for minority-variant drug-
resistant mutations may be useful in making antimalarial
drug policy.

rug-resistant Plasmodium falciparum malaria contin-

ues to be a growing health problem throughout most
of the world (/). To combat this threat, governments and
aid agencies need accurate drug resistance surveillance
data. The World Health Organization has stressed the need
for methods of detecting molecular markers of drug resis-
tance that will be useful in predicting responses to both
clinical and public health interventions (2). This has been
difficult in highly malaria-endemic areas, where infections
are almost always polyclonal (3,4). In patients with poly-
clonal infections, small drug-resistant parasite populations
(minority variants) may be masked by larger drug-sensi-

*University of North Carolina, Chapel Hill, North Carolina, USA; and
tUniversity of Malawi, Blantyre, Malawi

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 13, No. 6, June 2007

tive populations because standard PCRs are relatively in-
sensitive to minority variants (2). Therefore, new methods
capable of detecting these subpopulations may lead to bet-
ter drug resistance surveillance and provide a better tool to
predict outcome.

We describe a new multiple site-specific heteroduplex
tracking assay (MSS-HTA) for detecting the pfcrt (Plasmo-
dium falciparum chloroquine resistance transporter gene)
K76T mutation. This mutation in a putative transporter
gene is well-associated with chloroquine resistance in P.
Jalciparum (5). The MSS-HTA was compared with a stan-
dard allele-restricted PCR (ARPCR) in clinical samples
from Malawi, a country where standard PCR analyses and
arecent clinical trial have suggested that chloroquine-resis-
tant malaria has disappeared (6-9).

Materials and Methods

Study Samples

Informed consent, as approved by the ethics commit-
tees of the University of North Carolina and the Malawi
College of Medicine/Ministry of Health, was obtained from
all participants in this research study. The Malaria and HIV
in Pregnancy Study (MHP) patient samples originated from
a study of pregnant women attending Queen Elizabeth Cen-
tral Hospital, an urban hospital in Blantyre. The complete
characteristics of the cohort and study design have been
described elsewhere (/0). The Mpemba and Madziabango
(MM) patient samples were also collected from pregnant
women as part of a pilot randomized, open-label, efficacy
study of intermittent preventive treatment in pregnancy at
rural health clinics. The diversity of these infections, as
well as the cohort and study design, has been described
elsewhere (3). The characteristics of the patient samples
used in this study are outlined in Table 1. All samples
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Table 1. Characteristics of patient samples*

Characteristic Value (range)
Age (y)
Total 21.9 (15-35)
MHP patients 23.7 (17-31)
MM patients 21.2 (15-35)

Parasite density (no. parasites/200 leukocytes)

Total 243.6 (4-2,202)

MHP patients 599.7 (4-2,202)

MM patients 83.3 (5-750)
Gravidity

Total 2.26 (1-9)

MHP patients 2.37 (1-3)

MM patients 2.21 (1-9)
Anemia (hemoglobin <11 g/dL)

Total 64/87 (73.6%)

MHP patients 21/27 (77.8%)

MM patients 43/60 (71.7%)
HIV status
Totalt 38/58 (65.5%)

MHP patients 27/27 (100%)

MM patients 11/31 (35.5%)
Clinical symptomsz

Fever 14/27 (51.8%)

Headache 18/27 (66.7%)

General body pain
Preventive measurest
Bed net use§ 6/19 (31.6%)
*MHP, Malaria and HIV in Pregnancy; MM, Mpemba and Madziabango.
129 patients declined testing.
tData only available for MHP patients.
§No data available for 8 patients.

13/27 (48.1%)

analyzed in this study were from filter paper blood spots of
peripheral blood.

Malaria DNA Stocks

All malaria DNA used in the experiments, other than
clinical samples, was from MR-4 (www.mr4.org). Wild
type (pfert K76) was from P. falciparum strain 3d7 (MR-4,
MRA-102G). Two strains of mutant DNA (pfcrt 76T) were
used in these experiments: P. falciparum strain K1 (MR4,
MRA-159G) was used for the CVIET-resistant haplotype,
based on the amino acid sequence from codon 72 to codon
76, and P. falciparum strain 7g8 (MR4, MRA-152G) was
used for the SVMNT-resistant haplotype.

Generation of Heteroduplex Tracking
Assay (HTA) Probe

Wild-type P. falciparum DNA was amplified with a
Peltier thermal cycler (MJ Research, Waltham, MA, USA)
in a volume of 50 puL. The reaction conditions consisted of 5
pL DNA, 2.5 U HotStar 7ag DNA polymerase (QIAGEN,
Valencia, CA, USA), 5 uL 10x PCR buffer, 1 pL deoxy-
nucleoside triphosphate mix (catalog no. U1511, Promega,
Madison, WI, USA), and 2,000 nmol/L forward and re-
verse primers CRT HTA F: 5'-GGAAATGGCTCACGTT-

TAGG-3',and CRT HTA R: 5'-TGTGAGTTTCGGATGT-
TACAAAA-3". This reaction was amplified by preheating
to 95°C for 15 min, followed by 35 cycles of 95°C for 30
s, 50°C for 30 s, and 72°C for 1 min. The reaction was
completed with a 10-min hold at 72°C. The 250-bp PCR
product was cloned into a PCR2.1 TOPO plasmid as de-
scribed in the protocol of the Topo TA cloning kit (Invitro-
gen, Carlsbad, CA, USA), and the sequence was confirmed
at the University of North Carolina-Chapel Hill Automated
DNA Sequencing Facility. Mutations were randomly intro-
duced into the construct at the -3, —1, +1, and +3 nt relative
to the single nucleotide polymorphism involved with the
pfert K76T mutation using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA) (/7). Po-
tential probes were then amplified by colony PCR under the
conditions noted above.

Potential probes were screened against wild-type and
resistant PCR amplicons by using a heteroduplex mobil-
ity assay on an 8% polyacrylamide gel in 1% Tris-borate-
EDTA buffer. After an annealing reaction, probes were
evaluated for differential migration between the lanes
containing the different amplicons. The annealing reaction
containing 4 pL PCR product from a colony of a potential
probe mixed with 4 pLL PCR product of control DNA, 1
pL 100-pmol CRT HTA F primer, 1 pL 100-pmol CRT
HTA R primer, and 2 pL 6x loading dye (Promega) was
heated to 95°C for 2 min and then allowed to cool at 25°C
for 5 min. The annealing reaction was then loaded into the
wells of a nondenaturing acrylamide gel and run at a con-
stant current of 17 mA for 5 h per gel with an SE 600 Gel
Electrophoresis Unit (Amersham Biosciences, Piscataway,
NJ, USA). DNA was visualized by UV after staining in
an ethidium bromide solution for 20 min and destaining in
double-distilled H,O for 15 min. In all, 77 potential probes
were screened. The successful probe was sequenced and
showed a —1 A to C mutation (GenBank accession no. sub-
mission in process).

The plasmid containing the probe was harvested by
using Promega Wizard Minipreps (Promega) and then am-
plified according to the conditions noted above. The PCR
product was the blunt-end cloned into the pT7Blue vector
with the Perfectly Blunt Cloning kit (Novagen, Inc., Madi-
son, WI, USA). The probe was radiolabeled according to
the methods of Ngrenngarmlert et al. (/2).

HTA

The MSS-HTA was performed under the conditions
noted by Ngrenngarmlert et al. with some modifications
(12). An annealing reaction consisting of 4 uL. PCR product
(either a control or sample DNA) was mixed with 1 pL 10%
annealing buffer (1 mol/L NaCl, 100 mmol/L Tris-HCI, pH
7.5, 20 mmol/L EDTA), 2 uL 6x loading dye, 500 nmol/L
CRT HTA F primer, 500 nmol/L CRT HTA R primer, and
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1 pL radiolabeled probe in a total volume of 12 pL. The an-
nealing reaction and electrophoresis were carried out under
the same conditions as the heteroduplex mobility assay not-
ed above. All MSS-HTA gels included the following con-
trols: water, a nontemplate control PCR, and PCRs from
the 3 genomic DNA stocks. The gels were dried onto filter
paper (Whatman, Florham Park, NJ, USA) and exposed to
BioMax MR X-ray film (Eastman Kodak, Rochester, NY,
USA) for =48 h at 25°C. In addition, the gels were exposed
to a phosphorimager screen for 48 h, and band intensities
were quantified by using a GE Storm 860 Phosphorimager
(Amersham Biosciences) and ImageQuant version 5.2 soft-
ware (Molecular Dynamics, Sunnyvale, CA, USA).

ARPCR

ARPCR detection of pfert 76T was performed accord-
ing to the methods described by Djimde et al. (/3). The
primers for the assay were modified according to Wilson
et al. (8).

Minority Variant Detection

MSS-HTA and ARPCR were both run against mixtures
of control DNA in quadruplicate. Differing proportions of
wild-type genomic DNA and CVIET-resistant haplotype
genomic DNA were mixed to a final sample concentration
of 0.1 ng/uL. If a band was not visible to the eye, or only
visible in 1 replicate, it was not counted.

Detection of Minor Variants in Clinical Samples

MSS-HTA was used to screen clinical samples in du-
plicate. All MHP samples were assayed by MSS-HTA and
ARPCR. MM samples were all initially assayed by MSS-
HTA. ARPCR was performed on all samples positive by
HTA and on a random selection of 20 MSS-HTA-negative
samples.

Ten samples that were positive by MSS-HTA were
selected and Topo TA-cloned (Invitrogen). Twenty-five
colonies from each of these 10 samples were screened by
colony real-time PCR to determine if the plasmid construct
contained a wild-type or resistant pfert insert (8,1/2). A se-
lection of 2 mutant and 4 wild-type plasmids isolated from
these colonies was then sequenced.

Results

DNA from standard culture strains was used. The
MSS-HTA probe formed heteroduplexes with different
mobilities when annealed to P. falciparum DNA amplicons
from wild-type parasites (Figure, panel A, lane C) and from
parasites containing each of the 2 major resistant haplo-
types: SVMNT (Figure, panel A, lane D) and CVIET (Fig-
ure, panel B, lane E).

The sensitivities of MSS-HTA and ARPCR to detect
subpopulations of resistant pfert were tested by using artifi-
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Figure. Evaluation of sensitivity of multiple site—specific heteroduplex
tracking assay (MSS-HTA). A) MSS-HTA tested against known
concentrations of Plasmodium falciparum DNA. Visible bands
representing mutant DNA remain until the 1% population (lanes N
and O). B) the same dilution series assayed with allele-restricted
PCR, where visible mutant bands (366 bp) are not seen past the
20% mutant population (lanes | and J). The lanes marked with
W and M represent wild-type and mutant restricted reactions,
respectively. *, base pair ladder; P, probe alone.

cial mixtures of wild-type and mutant genomic P. falciparum
DNA. MSS-HTA detected mutant CVIET variants compris-
ing as little as 1% of the total population (Figure, panel A,
lanes N and O). In contrast, the allele-restricted PCR could
not detect mutants comprising <20% of the total population
(Figure, panel B, lanes I and J). In addition, the MSS-HTA
accurately and reproducibly quantified mutant populations
comprising as little as 1% of the sample (Table 2).

The 2 assays were then applied to clinical samples
from malaria-positive Malawian pregnant women (Table 3).
In total, 87 clinical samples were screened. Twenty-seven
samples (MHP) were collected as part of a study of pregnant
women conducted in Blantyre. CVIET-resistant haplotype
P. falciparum DNA was detected in 1 sample (3.7%) by
MSS-HTA and in none by ARPCR. In addition, 60 samples
(MM) from 2 rural health centers were initially screened
with the MSS-HTA. This method detected CVIET-resis-
tant haplotype DNA in 21 (35%) of the clinical samples. In
these samples, the amount of mutant genotype was quanti-
fied with the phosphorimager and averaged 3.3% (SD 1.4,
range 1.1%-8.3%) of the parasite population. ARPCR was
conducted on all samples positive by MSS-HTA as well as
20 random samples that were negative by MSS-HTA and
failed to detect any samples with mutant DNA.

To confirm the presence of mutant DNA in the sam-
ples, 10 samples positive by MSS-HTA were cloned and
25 colonies from each sample were screened by real-time
PCR. Of the 250 screened colonies, 6 (2.4%) had the mu-
tant genotype in the plasmid construct. Two mutant and 4
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Table 2. Sensitivity testing of HTA on mixes of genomic DNA at known concentrations*

Phosphorimager data

% Mutant Average wild-type (%) SD weight Average mutant (%) SD mutant
50 48.1 2.39 51.9 2.39
20 77.0 2.56 23.0 2.55
10 88.9 2.34 111 2.34
5 94.8 0.95 52 0.95
1 98.7 0.22 1.3 0.22
0.1 100 0 ND ND

*HTA, heteroduplex tracking assay; ND, none detected.

wild-type plasmid constructs were then sequenced to con-
firm the MSS-HTA results. All of the mutant plasmid con-
structs that were sequenced contained the CVIET-resistant
haplotype, and none of the wild-type plasmid constructs
contained the single nucleotide polymorphism associated
with pfert 76T.

Discussion

Minority-variant drug-resistant parasite populations
that were undetectable by PCR were found to be common
in polyclonal Malawian P. falciparum infections. The pres-
ence of minority drug-resistant variants is consistent with
results of other studies, which have shown patients with
genotypicaly wild-type infections before therapy exhib-
iting genotypicaly mutant infections after unsuccessful
chemotherapy (/4,75). In Malawi, where chloroquine was
replaced with sulfadoxine-pyrimethamine in 1993, the prev-
alence of the resistance marker pfert 76T, as determined by
PCR, has been reported to have almost disappeared (6-9).
However, our data suggest that the reversion to genotypi-
cally sensitive malaria is incomplete and that minority pfcrt
76T-bearing parasite strains are “lurking” within persons
at levels undetectable by standard PCR. One caveat is that
our study population comprised pregnant women with high
HIV prevalence, so whether the results are applicable to the
general population is unclear.

Minority-variant drug-resistant mutations are impor-
tant in other diseases, such as HIV (/6). The presence of
minority-variant drug-resistant mutations in P. falciparum
has been previously demonstrated by subcloning dihydro-
folate reductase genes into yeast vectors and growing them
under drug pressure (/7). However, this technique cannot
determine the frequency of minority variants either in a sin-
gle host or in a population. To our knowledge, our results
show, for the first time, that minority-variant drug-resistant
mutations, representing several percentages of the parasites
in a single host, are common in populations.

In response to the apparent reemergence of genotypi-
cally sensitive malaria, Laufer et al. recently completed a
chloroquine efficacy trial in pediatric patients from urban
Blantyre (9). The cumulative efficacy of chloroquine was
99% (95% confidence intervals 93%-100%) with only 1
treatment failure occurring in the chloroquine arm. The high
efficacy rate of chloroquine therapy is not inconsistent with
the results of our study. In urban Blantyre, we only found
1 patient with minority-variant pfert 76T. In addition, suc-
cessful response to therapy requires not only susceptibility
of the parasite to the drug but also factors such as acquired
immunity, drug absorption, and nutrition. At this point, it is
still unclear how minority-variant drug-resistant parasites
will interact with these other factors. Further research in
this area is needed.

Significantly more patients carried minority-variant
pfert 76T (35%) at the rural sites (p = 0.001, Fisher exact
test) than at the urban site (3.7%). Why such a marked dif-
ference was found in the prevalence of pfcrt 76T between
the 2 sites is not clear. One possibility is that the transition
from chloroquine to sulfadoxine-pyrimethamine may have
occurred later in rural areas than in urban areas. Also, limit-
ed drug pressure may continue to be exerted on the parasites
within Malawi because, as of early 2006, chloroquine was
still available in local pharmacies (/7). Another possible
factor that may influence the prevalence of minority-vari-
ant drug-resistant parasites is external pressure from areas
of high-level resistance such as Zambia and Mozambique.
Mpemba and Madziabango lie on a major highway between
Blantyre and the border with Zambia. Importation of cases
of malaria by travel along this highway may lead to a gra-
dient of resistance extending from the border to Blantyre.
More studies on the epidemiology of minority-variant pfcrt
K76T are needed to better understand the causes of this dif-
ference in the prevalence of pfert 76T.

In conclusion, MSS-HTAs can gather information
on lurking drug resistance overlooked by standard PCRs.

Table 3. Detection of pfcrt 76T in clinical samples*

No. positive samples

No. positive samples

Avg mutant population

Clinical site No. samples by HTA (%) by ARPCR (%) by HTA (%) SD
MHP 27 13.7)t 0 (0) 3.2 0.07
MM 60 21 (35)t 0 (0) 3.3 1.4

*HTA, heteroduplex tracking assay; ARPCR, standard allele-restricted PCR; MHP, Malaria and HIV in Pregnancy; MM, Mpemba and Madziabango.

1p = 0.001, Fisher exact test.
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The method is currently performed by using radiolabeled
probes, which may not be feasible in many underdeveloped
countries. Implementing this method for public health pur-
poses would require substitution of fluorescently labeled
or biotinylated labeled probes for the radioisotope. MSS
HTAs for other drug-resistance loci need to be developed
so that the clinical and public health implications of minor-
ity variants can be fully assessed.
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Human Alveolar Echinococcosis
after Fox Population Increase,
Switzerland

Alexander Schweiger,** Rudolf W. Ammann,* Daniel Candinas,t Pierre-Alain Clavien,*
Johannes Eckert,* Bruno Gottstein,t Nerman Halkic,} Beat Muellhaupt,* Bettina Mareike Prinz,* Juerg
Reichen,T Philip E. Tarr,¥ Paul R. Torgerson,* and Peter Deplazes*

We analyzed databases spanning 50 years, which
included retrospective alveolar echinococcosis (AE) case-
finding studies and databases of the 3 major centers for
treatment of AE in Switzerland. A total of 494 cases were
recorded. Annual incidence of AE per 100,000 population
increased from 0.12—-0.15 during 1956—1992 and a mean
of 0.10 during 1993—-2000 to a mean of 0.26 during 2001—
2005. Because the clinical stage of the disease did not
change between observation periods, this increase cannot
be explained by improved diagnosis. Swiss hunting statistics
suggested that the fox population increased 4-fold from
1980 through 1995 and has persisted at these higher levels.
Because the period between infection and development of
clinical disease is long, the increase in the fox population
and high Echinococcus multilocularis prevalence rates in
foxes in rural and urban areas may have resulted in an
emerging epidemic of AE 1015 years later.

uman alveolar echinococcosis (AE), a hepatic disor-

der that resembles liver cancer, is a highly aggressive
and lethal zoonotic infection caused by the larval stage of
the fox tapeworm, Echinococcus multilocularis (1). The
parasite is widely distributed in the Northern Hemisphere;
the disease-endemic area stretches from North America
through Europe to central and east Asia, including northern
parts of Japan (/-3). Parasite eggs are shed into the envi-
ronment in the feces of canid definitive hosts that harbor the
adult parasite in their intestines. In addition, some of these
eggs contaminate the fur of infected definitive hosts. Hu-
mans and intermediate host animals acquire the infection
by ingesting E. multilocularis eggs in contaminated food or
water or by having close physical contact with infected fox-

es, dogs, or host feces. In Europe, E. multilocularis exists
predominantly in a cycle of wild animals that includes red
foxes (Vulpes vulpes) as main definitive hosts and several
vole species as intermediate hosts. In the United States and
Canada, the coyote (Canis latrans) has also been shown to
be a suitable host for this parasite; in Arctic regions, the ar-
tic fox (Alopex lagopus) is the principal definitive host (/).
Domestic dogs are also highly susceptible definitive hosts
(4); in some areas, such as Alaska (5), People’s Republic of
China (6), and Europe (7), they can play an additional or
even the dominant role as an infection source for humans.

The documented area of E. multilocularis endemicity
in Europe has recently increased (3,7,8). However, whether
this increase results from a true extension of the geographic
range or simply increased detection in populations of
wildlife not previously investigated is still unclear (/).
Similarly, new distribution ranges have been reported in
North America. In addition to being found in the tundra
zone of Alaska and Canada, the parasite has now been
recorded in 3 Canadian provinces and an additional 11
contiguous US states (9).

Important changes have occurred in the population
dynamics of foxes in central Europe. Between 1970 and the
mid-1980s, fox populations decreased during an epidemic
of rabies. After the successful establishment of anti-rabies
vaccination programs, fox populations increased almost
4-fold (10). At the same time, fox habitat extended into
urban areas and is still progressing. For example, large
fox populations have now become established in all major
cities and towns in Switzerland. In the largest city, Zurich,
the number of foxes shot or found dead within the city
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boundaries increased 20-fold since 1985 (/0). The reasons
for the increase in the fox populations have been attributed
to ecologic factors, the successful vaccination campaign
against fox rabies, and the increase in anthropogenic food
supplies (7,10).

In the core European area for AE, which includes
Switzerland as well as neighboring France and Germany,
high prevalence rates (35%—65%) of E. multilocularis in
foxes have been consistently recorded (3,7,8,11). However,
several studies have shown that the prevalence rates have
been increasing in certain regions. For example, recent
parasite density estimates in southwestern Germany
were 10x higher than estimates before 1990 (3,8), and
unexpectedly high prevalence rates in several urban fox
populations have been reported (7). The combination of
increased fox populations and increased parasite prevalence
within these populations has led to a considerable increase
in the overall parasite biomass per surface unit.

A question of major public health importance in
central Europe is whether the growing fox populations that
have high prevalence of infection and the colonization of
densely populated urban areas by foxes could increase risk
for transmission of AE to humans and lead to an increase
of clinical cases. Until 2000, no statistically significant
increase in AE had been recorded in Switzerland (7). We
report countrywide annual incidence rates of human AE in
Switzerland in recent years (1993-2005) and compare them
with incidence data for previous years (1956-1992). The
European Echinococcosis Registry (//) gives summary
data for 559 cases of AE from central Europe between
1988 and 2000, which includes data from 112 of the Swiss
cases in the present report. The incidence data were related
to the fox population dynamics. Because Switzerland has
been consistently collecting comprehensive data on AE
in humans for 50 years, conditions for such long-term
assessments are favorable.

Methods

We retrieved retrospective data of extensive AE case-
finding studies covering all of Switzerland for 1956-1992
(Table). We included additional data from the Swiss
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National Center for Echinococcosis, collected when
echinococcosis was a reportable disease (1987-1996),
and data for 1996-2005, collected from databases of the
University Hospitals of Zurich, Berne, and Lausanne, the 3
major centers for AE treatment in Switzerland.

Furthermore, we analyzed serodiagnostic data
compiled from the 3 main diagnostic laboratories for
parasitic diseases in Switzerland that offer reliable (and
methodically comparable) immunodiagnosis of human
AE (Institutes of Parasitology, Universities of Zurich and
Bern, Swiss Tropical Institute in Basel). Cases that were
diagnosed primarily on the basis of serologic testing results
were further assessed by sending questionnaires to involved
family doctors or by conducting retrospective analysis of
the patients’ history obtained from the treating hospitals.

Inclusion criteria were as applied previously (/7).
These were 1) diagnosis of AE by positive, species-specific
serologic testing (/5), 2) AE-characteristic imaging findings,
and 3) if available, AE-characteristic histopathologic
findings and species-specific molecular analysis by PCR.
Seropositive persons who lacked characteristic imaging
features or histologic or molecular diagnosis were excluded
from the study. All data were entered by using only personal
initials, birth date, and sex; patients remained anonymous.
Data were collected in a single database (Microsoft Excel;
Microsoft Corp., Redmond, WA, USA) to prevent multiple
counting of patients.

For cases that occurred during 1993-2005, for which
data on the clinical records were available, we used the
PNM (primary, neighboring, metastasis) staging system,
specifically, location and extension of the primary lesion,
involvement of neighboring organs, and presence or
absence of metastasis (/6). We determined the stage of
disease (stages I-IV) by using this PNM system. Stages |
and II are more likely to represent subclinical disease and
are often diagnosed by chance. Such cases, if detected
early, are more amenable to curative resection. Patients
with PNM stage III or IV are more likely to have advanced
clinical disease. They have more limited treatment options,
such as individualized interventional measures and lifelong
chemotherapy (/7). The stage of cases diagnosed during

Table. Data from reported case-finding studies on human alveolar echinococcosis, 1956-2005, Switzerland

Mean annual Sex, no. (%)
incidence/100,000 Mean age
Study (reference no.) Years No. cases population 18D, y Male Female
Drolshammer (12) 1956-1969 122 0.15 54.2+18.2 65 (53)* 57 (47)
Gloor (13) 1970-1983 145 0.16 55.0 +16.0 79 (54)* 66 (46)
Eckert (14) 1984-1992 71t 0.12 52.0+17.7 33 (46) 38 (54)
This study 1993-2000 60 0.10 525+ 18.4 26 (43) 34 (57)
This study 2001-2005 96 0.26% 54.5+17.3 42 (44) 54 (56)
Total 1956-2005 494 0.15 54.0+17.3 245 (49.7) 248 (50.3)
*Proportion of cases in male patients was significantly higher during 1956—1983 than 1984—2005 (p<0.05).
1Six more cases from 1984—-1992 have been included in this study.
FSignificantly increased compared with1984-2000 (p for trend <0.01).
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1993-2000 was compared with stage of cases diagnosed
during 2001-2005 by converting the stage to a score. For
example, patients with stage I disease were scored as |
and those with stage IIIb disease were scored as 3.5. To
determine whether earlier or later diagnosis during different
periods might partly account for any trend in the change of
incidence, the mean score of cases diagnosed during 1993—
2000 was compared with mean score of those diagnosed
during 2001-2005. PNM scores were available for 50%
(51 cases) of the 20012005 cases and for 40 (68%) of the
1993-2000 cases. For 2001-2005, the average age of case-
patients with available PNM scores was 54 years (SD 17
years). This average did not significantly differ from the
average of 50 years (SD 18 years) of case-patients with PNM
scores for 1993-2000 (p = 0.19, Student ¢ test). Likewise,
the proportion of male patients with scores for 2001-2005
(37%) did not significantly differ from the proportion of
male patients with scores for 1993-2000 (44%) (p = 0.35,
Fisher exact test). Therefore, we found no evidence of bias
due to incomplete data.

We retrieved data regarding fox population sizes from
the Swiss federal hunting statistics (www.wild.unizh.ch/
jagdst). These data, based on annual hunting numbers, indi-
cate trends over a long period of time (/8). Human popula-
tion data for Switzerland originated from the Swiss Federal
Statistical Office (www.bfs.admin.ch).

To perform our statistical calculations, we used
Microsoft Excel. Differences in human incidence rates and
differences in numbers of reported foxes were analyzed by
y* test for trend. Proportions of male and female patients and
the proportion of patients who had radical liver resection
were analyzed by y? test. Data for PNM scores were tested
for normality and compared by using the Student # test. To
smooth out annual fluctuations and better visualize longer
term trends, we present data for number of foxes and
incidence of human AE cases as 5-year moving averages.

Results

A total of 494 cases of human AE were diagnosed
in Switzerland during 1956-2005. The mean age at time
of diagnosis (54 years, range 12-89) did not change
significantly over time (Table). The numbers of male and
female patients were similar, although the trend was toward
adecreasing proportion of male patients over the observation
period. Male patients accounted for 53%—54% of patients
during 1956-1983 compared with 43%—46% during 1984—
2005 (p<0.05) (Table). The incidence of human AE during
the observation period is shown in the Figure. The highest
annual incidence per 100,000 was recorded in 2003 (0.38;
28 new cases); the lowest, in 1996 (0.04; 3 new cases). The
mean annual incidence per 100,000 was 0.10 during 1993—
2000 and increased to 0.26 during 2001-2005 (p<0.01)

880

Cases/ 100,000 population I

oo

1956 1960 1864 1968 1872 1976 1980 1984 1888 1992 1896 2000 2004

1856 1960 1964 1968 1972 1976 1980 1984 1988 1552 1996 2000 2004

Figure. Actual data points with moving 5-year average for annual
incidence of human alveolar echinococcosis in Switzerland (A) and
annual number of foxes hunted per year in Switzerland (B), used as
a fox population density marker.

(Figure, Table). The estimated fox population increased
~4-fold during 1984-1993 (Figure) (p<0.001).

The mean PNM score for cases diagnosed during
1993-2000 was 2.41 (SD 1.3), which was not significantly
different from the mean PNM score of 2.44 (SD1.2) for
cases diagnosed during 2001-2005. The proportion of
patients who had a radical liver resection was highest
during 1996-2000 (75.3%) and lowest during 1991-1995
(37.5%) and 2001-2005 (54.9%) (p<0.001).

Discussion

Theincidence ofhuman AE in Switzerland has exhibited
2 trends during the past 50 years. After a slow but steady
decline during 1956-1999, incidence has significantly
increased since the year 2000 (Figure). A reasonable
explanation for this finding may be the urbanization of the
E. multilocularis cycle, which has resulted in an increase
in the number and proportion of infected urban foxes in
areas with high human populations, thereby increasing the
infection risk for the human population (7). The increase
of the fox population density started in =1985, some
10—15 years before the increased numbers of human AE
cases (Figure). This temporal delay is consistent with the
suggested latent or asymptomatic period of 5-15 years
before development of clinically apparent AE in humans
(19). Improved diagnostic accuracy, due to modern imaging
technologies such as computerized tomography (20), is
unlikely to account for this increase. Such improvements
in diagnostic accuracy would be expected to lead to earlier
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detection with a shift to PNM stages I and II at the time
of diagnosis, but such a trend has not been recorded. In
addition, earlier, more local investigations have already
indicated an increase in AE seropositivity in defined human
populations at risk in central Europe (27,22) without a
concomitant increase in clinical AE cases. An increase in
the rate of AE seropositivity that precedes that of clinical
AE is therefore consistent with increased exposure and a
temporally delayed rise in the number of clinical cases.

The use of foxes recorded in hunting statistics or
hunting indices as a measure of the fox population is
susceptible to bias and should be used only to describe
trends from large areas (>1,000 km?) over long periods
(>5 years) (/8). For this reason, the temporal trends in the
size of the fox population were estimated by using hunting
returns compiled for 50 years for the entire territory of
Switzerland (42,000 km?). Therefore, we can conclude
that the incidence of human AE appears to be increasing
in Switzerland and that this increase was preceded 10 years
earlier by a parallel increase and urbanization of the fox
population.

The potential extent of this emerging epidemic of
human AE cannot be predicted. Future trends will depend
on the intensity of present and future contamination of the
environment with E. multilocularis eggs as well as on the
number of susceptible persons exposed to the parasite. In
this respect, the human AE epidemic appears analogous to
that of human variant Creutzfeldt-Jakob disease, for which
predictions of future disease trends have been hampered by
uncertain knowledge of incubation periods and unknown
relationships between the risk for disease and host factors
(23,24). Nevertheless, the temporal proliferation of E.
multilocularis biomass in the main definitive host has
increased the infection pressure for a large part of the human
population in Switzerland. Likewise, other susceptible
canid species involved in the life cycle of the parasite could
present additional threats, in Europe and elsewhere. Within
the past decade, for example, coyotes in the United States
have become established in suburban areas with moderate
to dense human populations (25). Because this species is
a suitable definitive host of E. multilocularis (9), risk for
transmission to humans in the United States and Canada
may increase markedly.

In  conclusion, public health authorities in
echinococcosis-endemic areas should establish coordinated
systems of continuous surveillance and risk assessment,
combined with measures to reduce illness and death from
AE in human populations (/). Furthermore, new control
strategies, including strategic deworming of foxes and other
wild canids by using anthelminthic baiting options, should
be further evaluated and developed. Such strategies should
preferably target suburban areas that have high human and
wild canid population densities (7).
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Risk Factors for Imported Fatal
Plasmodium falciparum Malaria,
France, 1996-2003
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Plasmodium falciparum malaria is a serious health
hazard for travelers to malaria-endemic areas and is often
diagnosed on return to the country of residence. We con-
ducted a retrospective study of imported falciparum malaria
among travelers returning to France from malaria-endemic
areas from 1996 through 2003. Epidemiologic, clinical, and
parasitologic data were collected by a network of 120 labo-
ratories. Factors associated with fatal malaria were identi-
fied by logistic regression analysis. During the study period,
21,888 falciparum malaria cases were reported. There were
96 deaths, for a case-fatality rate of 4.4 per 1,000 cases
of falciparum malaria. In multivariate analysis, risk factors
independently associated with death from imported malaria
were older age, European origin, travel to East Africa, and
absence of chemoprophylaxis. Fatal imported malaria re-
mains rare and preventable. Pretravel advice and malaria
management should take into account these risk factors,
particularly for senior travelers.

mported malaria is increasingly reported in Europe and
North America, with an estimated 30,000 cases yearly
(1,2).In 2000, the countries with the highest rates of import-
ed malaria were France (=8,000 estimated cases), United
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Kingdom (2,069 cases), United States (1,402 cases), Italy
(986 cases), and Germany (732 cases) (3,4). Imported Plas-
modium falciparum malaria is a serious health hazard for
travelers to malaria-endemic areas, owing to the potentially
severe illness and high case-fatality rates (case-fatality rate
per 1,000: France 4; Italy 6.5; UK 8.5; USA 13; Germany
30.4) (4,5). Risk factors associated with fatal imported
malaria are poorly known. Limited series have suggested
that the fatality rate is significantly lower for migrants from
malaria-endemic areas than for patients from areas not en-
demic for the disease (6-8). Antimalarial chemoprophy-
laxis, even incomplete or inappropriate, may also confer a
degree of protection (9—117). Better knowledge of the char-
acteristics and risk factors for fatal imported malaria might
help to improve prevention and patient management. We
retrospectively analyzed the main features of fatal imported
falciparum malaria observed in France during 1996-2003
and compared them with those for nonfatal cases.

Methods

Description of Surveillance System (Data Sources)
Imported malaria is not a mandatory notifiable disease
in metropolitan France. The data for this study were collect-
ed by a reporting network of 120 selected hospital labora-
tories and were analyzed by the French National Reference
Center for Imported and Autochthonous Malaria Epidemi-
ology (CNREPIA). Participants of the network were asked
to report imported malaria cases whenever the laboratory
observed asexual forms of P. falciparum in a patient’s blood
film. Data from the national medical informatics systems
and from 2 exhaustive studies (National Quality Control
Survey) suggested that these cases represented 50%—55%

883



RESEARCH

of the total number of imported falciparum malaria cases
in France during the study period (/2,73). A standard 57-
item questionnaire, completed by clinicians and biologists
for each reported case, collected basic demographic, epide-
miologic, clinical, and parasitologic information (including
prophylaxis and treatment). In addition, a detailed clinical
description was obtained for each fatal case.

Data Analysis

The study population consisted of all P. falciparum—
infected patients reported to CNREPIA during 1996-2003.
Deaths occurring during hospitalization for malaria were
considered malaria related. The case-fatality rate per 1,000
patients was calculated for all relevant exposure variables.
Various exposure categories were created for the analy-
sis: patients were divided into European travelers (persons
born and residing in areas not endemic for malaria), Eu-
ropean expatriates (residing in malaria-endemic African
countries), African travelers (persons born in Africa who
reside mostly in France or another country not endemic for
malaria), African residents (persons born and residing in
Africa), and others. Use of malaria chemoprophylaxis, as
reported by the patients, was categorized as follows: no
use; use of ineffective drugs (e.g., chloroquine, proguanil,
pyrimethamine, sulfadoxine-pyrimethamine); and use of
effective drugs (mefloquine, atovaquone-proguanil, doxy-
cycline, and chloroquine-proguanil). Logistic regression
was used to identify factors associated with fatal malaria
and to estimate odds ratios and 95% confidence intervals
(CIs) for the association between exposure variables and
death. Dummy variables were used for variables with >2
categories. Variables with p<0.25 were introduced in the
multivariate logistic regression model. A manual backward
stepwise approach was used to remove nonsignificant vari-
ables, and only variables with p<0.05 were retained in the
final model. Interactions were sought by introducing inter-
action terms in the logistic regression model and testing for
their significance (p<0.05). Because data were missing for
the variables “region of malaria acquisition” (n = 9), “che-
moprophylaxis” (n = 2,366), and “time between onset and
diagnosis” (n = 3,845), multiple imputation for missing data
was performed for the final model by using the multivariate
imputation by chained equations (MICE) method described
by Van Buuren et al. (/4). The MICE method involves im-
putations of missing values by appropriate regression mod-
els and generation of multiple datasets (in our case, 5) to
take into account the uncertainty involved in imputing the
missing values. Standard complete-data methods are then
used on each dataset, and results are combined to produce
estimates with Cls and p values. Statistical analysis was
performed by using Epilnfo, version 3.3 (Centers for Dis-
ease Control and Prevention, Atlanta, GA, USA) and Stata
8 (Stata Corporation, College Station, TX, USA).
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Results

During the 19962003 period, 27,085 malaria cases
were reported to CNREPIA; 21,888 of these patients had
P. falciparum malaria, which constituted the study popula-
tion. Included were 20,436 (93.4%) uncomplicated cases,
825 (3.8%) severe cases, 433 (2%) asymptomatic cases,
161 (0.7%) cases of hyper-reactive malarial splenomega-
ly, and 33 (0.1%) unspecified cases. Cases attributable to
species other than P. falciparum and cases attributable to
species combinations that included P. falciparum were not
considered in the analysis (no fatal cases of imported ma-
laria due to Plasmodium species other than P. falciparum
were reported during the study period). The annual num-
ber of malaria cases reported by the network increased
until 1999-2000, then stabilized at ~3,000 cases per year
(Table 1). Most patients were male (sex ratio M:F = 1.7),
and the median (range) age was 29.0 (0-96) years. Most
patients had acquired malaria in Africa: 59.2% in West
Africa, 26.2% in central Africa, 11.2% in Madagascar and
the Comoros Islands, and 0.9% in East Africa (Table 2 and
online Appendix Table, available from www.cdc.gov/EID/
content/13/6/883-appT.htm). Others (2.5%) had returned
mainly from French Guiana, Haiti, India, Sri Lanka, Thai-
land, and Indonesia. African travelers were most numerous
(44.6%), followed by European travelers (26.5%), Afri-
can residents (12.9%), and European expatriates living in
Africa (5.4%); “others” represented 10.6%. Few patients
(30.4%) reported taking effective chemoprophylaxis, and
more than half the patients had not taken any. The median
duration of stay was 32 days (interquartile range 21-62).
The median time from return to symptom onset was 6 days
(interquartile range 1-12), and 10% of patients had their
first symptoms before returning to France. The median time
from symptom onset to diagnosis was 3 days (interquar-
tile range 1-6). Compared with Europeans, Africans were
more likely to seek care at a hospital (73.0% vs. 62.7%,
p<0.001). Diagnoses were fairly evenly distributed be-
tween spring-summer (55.5%) and fall-winter (45.5%).
At diagnosis, 7.9% of patients had high-level parasitemia
(>5% of parasitized erythrocytes).

Description of Fatal Cases

Ninety-six patients died of malaria; 55 were Europe-
an travelers; 12, European expatriates; 11, African trav-
elers; 10, African residents; and 8, other. One case was
diagnosed postmortem. Repatriations for medical reasons
occurred in 13 of 96 fatal cases (1 African resident, 5
European travelers, and 7 European expatriates). Among
the patients who died, the sex ratio (M:F) was 3.3, and
the median (range) age was 47 (2-92) years. Three study
participants who died were <15 years of age, and 5 were
>70 years of age. Thirty (31.3%) of the patients who died
had taken antimalarial chemoprophylaxis, and 2 were re-
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Table 1. Distribution of falciparum malaria cases and deaths by
calendar year, 1996-2003, France

No. reported No. falciparum Case-fatality rate
Year deaths malaria cases per 1,000
1996 8 1,804 4.4
1997 10 2,057 4.9
1998 9 2,459 3.7
1999 9 3,385 2.7
2000 12 3,355 3.6
2001 13 3,035 43
2002 15 2,919 5.1
2003 20 2,874 7.0
Total 96 21,888 4.4

ported to have correctly taken prophylaxis appropriate for
the region visited.

Clinical data for patients who died are shown in Table
3. Fever was the most common initial symptom. All pa-
tients, except the one whose case was diagnosed postmor-
tem, were hospitalized and received antimalarial therapy
within 12 hours of diagnosis. Median parasitemia at admis-
sion was high (10%), although 10% of patients had para-
sitemia <1%. One case of black water fever and 1 case of
splenic rupture were observed. Forty-three (44.8%) patients
required mechanical ventilation, and 24 (25%) required he-
mofiltration. Three (3.1%) patients underwent exchange
transfusion.

Imported Fatal Falciparum Malaria, France

Risk Factors for Death

The case-fatality rate was 4.4 deaths per 1,000 cases
during the study period and did not change over time (cal-
endar years) (standard y? for trends test; Table 1). Many
factors were associated with an increased risk for death in
univariate analysis, including older age, male sex, Euro-
pean origin, travel to East Africa, short stays (<15 days),
time to diagnosis, and initial visit to a general practitioner
(online Appendix Table). However, male sex, short stays,
visit to a general practitioner, and diagnosis during the fall-
winter season were no longer predictive of death after age
and ethnic origin were controlled for in multivariate analy-
sis. Table 4 shows the results of multivariate analysis. Low
hemoglobin levels (<8 g/dL), low platelet counts (<50x10°/
L), high leukocyte counts (>10x10°%L), and high-level par-
asitemia (>5%) were all associated with increased risk for
death among patients with measurements for these vari-
ables (online Appendix Table). The risk factors for death
identified in this study were not different between Africans
and Europeans (test of interaction not significant).

Discussion

To our knowledge, this is the largest retrospective
study aimed at identifying risk factors for fatal imported
malaria. France has large numbers of migrants of African
origin. Those populations are particularly at risk of acquir-
ing malaria when visiting friends and relatives (/5—17).

Table 2. Distribution of falciparum malaria cases and deaths by country of acquisition, 1996—2003

Country No. deaths No. falciparum malaria cases Case-fatality rate per 1,000
Cape Verde 1 4 250.0
Senegal 12 2,234 5.4
Mauritania 1 96 10.4
Guinea-Bissau 1 50 20.0
Guinea 3 823 3.6
Mali 8 2,124 3.8
Céte d’lvoire 15 4,623 3.2
Burkina Faso 5 740 6.8
Ghana 1 194 5.2
Togo 3 604 5.0
Benin 3 1,012 3.0
Niger 3 152 19.7
Nigeria 2 123 16.3
Cameroon 12 2,707 4.4
Equatorial Guinea 1 31 32.3
Gabon 4 671 6.0
Congo 4 885 4.5
Central African Republic 1 728 1.4
Tanzania 1 38 26.3
Kenya 4 101 39.6
Djibouti 1 12 83.3
Mozambique 1 29 34.5
Comoros Islands 1 2,017 0.5
Madagascar 4 432 9.3
Others, several countries or unknown 4 1,458 2.7
Total 96 21,888 4.4
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Table 3. Clinical data for 96 patients with fatal malaria, 1996—
2003, France

Clinical data No. travelers (%)
Initial symptoms
Fever 80 (83.3)
Mental status changes 45 (46.9)
Jaundice 24 (25)
Diarrhea 18 (18.7)
Respiratory symptoms 13 (13.5)
Coma 11 (11.5)
Vomiting 9(9.4)
Convulsions 6 (6.2)
Lethargy 5(5.2)
Cough 4(4.2)
Shock syndrome 4 (4.2)
Severity criteria® during clinical course
Renal failure 70 (72.9)
Shock syndrome 60 (62.5)
Cerebral malaria 55 (57.3)
Acute respiratory distress syndrome 44 (45.8)
Acidosis 36 (37.5)
Disseminated intravascular
coagulation 30 (31.2)
Pulmonary edema 12 (12.5)
Scleral icterus 11 (11.5)
Convulsions 9(9.4)
Other conditions
Nosocomial infection 24 (25)
Cardiac failure 49 (51)
Cerebral edema 10 (10.4)

*Severity criteria according to World Health Organization, 2000.

Migrants of African origin travel for longer periods in
highly malaria-endemic areas (globally, 75% of malaria
infections and 89% of P. falciparum infections in travelers
are acquired in sub-Saharan Africa [/8]), are less likely to
have pretravel encounters with a healthcare provider, and
are therefore unlikely to take antimalarial prophylaxis (/8).
These factors explain why France, in comparison with many
other European countries or the United States, has so many
malaria cases and why the country appears to receive dis-
proportionally high numbers of malaria-infected returning
travelers from Africa (/9), rather than from Asia or South
America. As a result, P. falciparum is overrepresented in
imported malaria in France in comparison with other in-
dustrialized countries. The case-fatality rate (4.4 per 1,000
cases) is among the lowest in the World Health Organiza-
tion (WHO) 2004 Computerized Information System for
Infectious Diseases database, probably because of the large
proportion of African migrants in our study population.
The following characteristics were independently as-
sociated with death from falciparum malaria, according
to multivariate analysis: older age, origin in an area not
endemic for malaria, infection in East Africa, and no ef-
fective chemoprophylaxis. Increasing age has also been a
risk factor for fatal falciparum malaria in smaller studies
(10,11,13,20,21). As has been reported elsewhere (21), we
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found a gradual increase in risk over the entire age spec-
trum, resulting in particularly high risk among elderly pa-
tients. This factor should be taken into account when of-
fering pretravel health advice, particularly as the age of
international travelers increases.

Severe malaria and death were particularly frequent
among nonimmigrants, as previously reported in smaller
series (6—8,13,22). These results are consistent with the hy-
pothesis of persistent acquired immunity, even after several
years of nonexposure, which may partially protect African
immigrants from fatal malaria, as previously shown for se-
vere forms of malaria (23). Genetic factors, selected at the
population level over centuries of exposure to the parasite,
may also partly explain the relative protection of African
immigrants compared with Europeans (24,25).

Except for the Comoros Islands (0.5 cases per 1,000
cases of falciparum malaria), countries accounting for large
numbers of cases in this study (Senegal, Cameroon, Mali,
and Cote d’Ivoire) had similar case-fatality rates (3.2 to 5.4
cases per 1,000 cases of falciparum malaria). Most trav-
elers returning from the Comoros Island were migrants;
few were European tourists. East African countries such
as Djibouti, Kenya, Mozambique, and Tanzania accounted
for fewer cases but a disproportionate number of fatalities
(34.1 cases per 1,000). Ben-Ami et al. recently reported
a high rate of severe malaria (6 of 29 cases, including 1
death) among patients who visited Mombassa, Kenya (26).
More generally, Krause et al. reported that falciparum ma-
laria acquired in Africa had a higher case-fatality rate than
falciparum malaria acquired elsewhere (/7). During the
period of our study, an increase in malaria deaths, prob-
ably related to higher levels of drug resistance, was seen
in residents of East Africa but not in those of West Africa
(27). Those observations are not necessarily linked, but
particular attention should be paid to travelers returning
from these areas. Further studies are needed to confirm and
explain these findings.

The risk for death was higher when prophylaxis was
absent or ineffective than when appropriate prophylaxis
was taken. On the basis of interview data, only 2 authentic
failures of prophylaxis were suspected among our patients,
but drug and metabolite concentrations were not assayed.
These results are consistent with those of Krause et al., who
reported that study participants who had taken chemopro-
phylaxis with chloroquine-proguanil were less likely to
die than those who had not taken chemoprophylaxis (/7).
These results once again underline the importance of rec-
ommending antimalarial prophylaxis for travelers to ma-
laria-endemic areas (28).

Bruneel et al. reported that platelet counts were sig-
nificantly lower in patients who eventually died of P. fal-
ciparum—infected patients than in survivors (8) and that
leukocyte counts also tended to be higher. In our popula-
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Table 4. Factors independently associated with deaths among patients treated for falciparum malaria in French hospitals, 1996-2003

(n=21,888)*
Variable Odds ratio 95% Confidence interval p value
Age
Per increase of 10 y 1.78 (1.56-2.02) <0.001
Origin and residence
African travelers 1
African residents 3.15 (1.32-7.51)
European travelers 6.79 (3.49-13.2) <0.001
European expatriates 4.44 (1.91-10.3)
Others 3.02 (1.21-7.57)
Region of malaria acquisition
West Africa 1
Central Africa 0.86 (0.52-1.41)
East Africa 3.39 (1.49-7.72) 0.02
Madagascar and Comoros Islands 0.61 (0.24-1.53)
Others 0.47 (0.11-1.95)
Chemoprophylaxis
Effective drugst 1
No chemoprophylaxis 2.07 (1.19-3.61) 0.04
Ineffective drugst 1.90 (0.91-3.95)

*Multiple imputations were used for missing data for the variables “region of malaria acquisition” (n = 9) and “chemoprophylaxis” (n = 2,366) (see

Methods).

TEffective drugs were mefloquine, atovaquone-proguanil, doxycycline, and chloroquine-proguanil; ineffective drugs were chloroquine, proguanil,

pyrimethamine, and sulfadoxine-pyrimethamine.

tion, a platelet count <50x10°%L was associated with in-
creased risk of dying; this effect was particularly marked at
counts <10x10°%/L. Disseminated intravascular coagulation,
which is associated with marked thrombocytopenia, was
frequent in patients who later died (Table 3). Leukocyte
counts >10x10° cells/L were also associated with increased
mortality, and the effect was particularly marked at counts
>15%10° cells/L. Hyperleukocytosis in this setting may be
related to cytokine or cortisol release or to bacterial (espe-
cially nosocomial) infections, which were frequent in our
patients who eventually died (Table 3). Bruneel et al. found
that hyperparasitemia (>5%), a WHO severity criterion,
was weakly linked to death. Although the number of cir-
culating parasitized erythrocytes may not accurately reflect
the number of adherent red cells in deep organ capillaries,
which are the source of most clinical complications (29),
hyperparasitemia appeared to be an important predictor of
death in our series. However, parasitemia and some biolog-
ic data (hemoglobin, platelet counts, and leukocyte counts)
could not be included in our multivariate analysis because
an excessive amount of data were missing. In particular,
hemoglobin, platelet count, and leukocyte count data were
missing for more than half the patients.

A limitation of our study is that our network for col-
lecting data accounted for only 50%—55% of total malaria
cases imported to France. Two annual exhaustive studies
(National Quality Control Survey [30]; F. Legros, unpub.
data) suggest that representativeness of our sites was cor-
rect. Thus, risk factors associated with death in imported
malaria would not likely differ for cases not seen in our
network.

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 13, No. 6, June 2007

Severe and fatal malaria, even though it is eminently
preventable, continues to be seen in areas that are not en-
demic for malaria (3/,32). Fatal cases are rare in patients
who take appropriate prophylaxis. With the current in-
creases in intercontinental travel, numbers of elderly trav-
elers, risk for transmission in malaria-endemic areas, and
drug-resistant strains of P. falciparum (16,33), the numbers
of fatal cases of imported malaria should be carefully moni-
tored in the coming years in France and other industrialized
countries. Preventive measures remain necessary for all
travelers, including those from Africa, for whom adherence
is often poor (34). Posttravel care should also be reinforced
to reduce the interval between symptom onset and diagno-
sis (35,36).
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Isolation and Characterization
of Novel Human Parechovirus
from Clinical Samples

Kanako Watanabe,*t Masayasu Oie,* Masaya Higuchi,* Makoto Nishikawa,t and Masahiro Fujii*

Using Vero cells, we isolated a virus (NII561-2000)
from a cerebrospinal fluid specimen of a 1-year-old girl with
Reye syndrome. The determined amino acid sequence of
the virus indicated that the isolate was a human parechovi-
rus (HPeV), a member of Picornaviridae. Neutralization test
showed that the NI1561-2000 virus had distinct antigenicity
to HPeV-1, HPeV-2, and HPeV-3, and that the sequence
was distinct from these types as well as from HPeV-4 and
HPeV-5. Thus, we propose the virus (NII561-2000) as the
prototype of HPeV-6. We isolated 10 NI1561-2000-related
viruses, 14 HPeV-1, 16 HPeV-3, and 1 HPeV-4 of 41 HPeVs
from various clinical samples collected in Niigata, Japan.
Clinical symptoms of the persons infected with the NI1561-
2000-related viruses were infectious gastroenteritis, rash,
upper respiratory tract infection, and paralysis, in addition to
Reye syndrome in the 1-year-old girl.

uman parechovirus (HPeV) is a small, nonenveloped

RNA virus with a single-stranded genome of posi-
tive polarity, ~7.3 kb in length; it is a member of the Pi-
cornaviridae family (/-3). On the basis of serologic and
genetic studies, HPeV has been found to have 5 types,
HPeV-1, HPeV-2, HPeV-3, HPeV-4, and HPeV-5, with
76.0%—80.9% similarity at the nucleotide level and 84.7%—
90.0% similarity at the amino acid level (/,4-7). HPeV in-
fections are commonly observed in general populations.
For example, #20% of healthy children in Finland have
antibodies against HPeV-1, and the percentage is as high as
97% in adults (8). In addition, these viruses are frequently
isolated from patients with various human diseases, such as
gastroenteritis, encephalitis, flaccid paralysis, and respira-
tory infections, and they are thought to be associated with
these diseases (2,3,5,8,9).

*Niigata University Graduate School of Medical and Dental
Sciences, Niigata, Japan; and tNiigata Prefectural Institute of Pub-
lic Health and Environmental Sciences, Niigata, Japan
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We report a 1-year-old girl who died with Reye syn-
drome, which is characterized as an acute, noninflamma-
tory encephalopathy with hepatic dysfunction and fatty
infiltration of the viscera; the syndrome is frequently asso-
ciated with an antecedent viral infection, such as influenza
or varicella (/0—12). Inoculation of a cerebrospinal fluid
(CSF) specimen from the patient into Vero cells identified a
virus (NII561-2000) with similar properties to HPeVs. The
nucleotide sequence of this virus showed it was closely re-
lated to HPeVs, especially HPeV-1, with 79.5% nucleotide
and 90.7% amino acid (aa) similarities. Moreover, mutual
neutralization assay showed that NII561-2000 has distinct
antigenicity to HPeV-1, HPeV-2, and HPeV-3. In addition,
the NI1561-2000 virus was genetically distinct from HPeV-
4 and HPeV-5. Thus, we propose that NII1561-2000 is the
prototype of HPeV-6.

Materials and Methods

Cell Lines and Culture Conditions

Eight adherent cell lines, MDCK, Caco-2, RD-18S,
Vero, HeLa, HEp-2, LLC-MK2, and BSC-1, were used in
our study. In brief, MDCK originated from a kidney of a
normal adult cocker spaniel, Caco-2 was from a primary
colorectal adenocarcinoma, RD-18S was from a rhabdo-
myosarcoma, Vero was from the kidney of a normal adult
African green monkey, HeLa was from a cervical adeno-
carcinoma, HEp-2 was from an epidermoid carcinoma of
the larynx, LLC-MK2 was from a kidney of a normal adult
rhesus monkey, and BSC-1 was from a kidney of a normal
adult African green monkey. These cell lines were cultured
in Eagle minimum essential medium with 6 mmol/L L-glu-
tamine, 1.1 g/L sodium bicarbonate, antimicrobial agents
(0.2 g/L gentamicin, 0.25 g/L amphotericin B), and 8% fe-
tal bovine serum at 37°C under 5% carbon dioxide.
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Virus Isolation and Purification

MDCK, Caco-2, RD-18S, Vero, HeLa, HEp-2, LLC-
MK?2, and BSC-1 cells were cultured on 24-well plates
for 3 days. Then, these cells were inoculated with a CSF
specimen (100 pL per well) from a patient with a diagnosis
of Reye syndrome and cultured at 33°C for 2 weeks. To
check for cytopathic effect (CPE), we examined the cells
under a light microscope. To purify the virus particles, we
mixed 900 mL culture fluid of Vero cells inoculated with
the NI1561-2000 virus with 20 g NaCl and 76 g polyethyl-
ene glycol #6,000 at 4°C overnight. Next, the sample was
centrifuged at 5,000 rpm for 30 min, and the pellets were
suspended in 4.5 mL of phosphate buffer (pH 7.2). After
treatment with 4.5 mL of chloroform at 4°C for 5 min, the
sample was centrifuged at 2,500 rpm for 20 min. The su-
pernatant was centrifuged at 120,000 x g for 24 h in cesium
chloride (CsCl) solution at an initial density of 1.34 g/mL,
and the virion-containing fraction was collected and used
for viral RNA isolation.

Molecular Cloning

Double-stranded cDNA was synthesized from 5 pug of
the viral RNA from the viruses purified by the CsCl density
gradient ultracentrifugation method described above. The
nucleotide sequences of the cDNAs from randomly picked-
up bacterial colonies transfected with the cDNA-containing
plasmids were determined by using the Big Dye sequenc-
ing kit (Applied Biosystems, Foster City, CA, USA). Two
cDNAs isolated contained part of the NI1561-2000 gene. To
isolate the 3’ cDNA fragment of the isolated NII561-2000
cDNAs, the 3’ rapid amplification of cDNA ends (RACE)
was performed by using the RNA PCR Kit (AMV) accord-
ing to the instructions provided by the supplier (TaKaRa,
Kyoto, Japan). The primers used for 3’ RACE were 35F-
out (forward primer for the first PCR; 5'-GAT GCG GAA
AAC TGC TGG ACA C-3'), 35F-in (forward primer for
the second PCR; 5'-TGC CAA ATT TTT CTG CCC TAC
TG-3'), and M13M4 (reverse primer for the first and sec-
ond PCR; 5-GTT TTC CCA GTC ACG AC-3'). Hercu-
lase Hotstart DNA Polymerase (Stratagene, La Jolla, CA,
USA) was used. To isolate the 5" cDNA fragment of the
isolated NII561-2000, the cDNA fragment containing part
of the 5’ untranslated region (UTR) and capsid precursor
protein VPO was amplified by PCR from the cDNA pre-
pared from the NII561-2000 virus with degenerate primers
corresponding to this region. The degenerate primers used
were E23P1 (forward primer; 5-CCG YAG GTA ACA
AGW GAC AT-3") (5) and 35R (reverse primer; 5'-TCT
CAG CAC TAA TGA CCC TC-3). To further extend the
sequence information of 5 UTR of the NII561-2000 vi-
rus, the 5" RACE was performed with 5" RACE System for
Rapid Amplification of cDNA Ends (Version 2.0), by us-
ing the instructions provided by the supplier (Invitrogen,

890

San Diego, CA, USA). The primers used for 5' RACE were
AAP (forward primer for the first PCR; 5'-GGC CAC GCG
TCG ACT AGT ACG GGI IGG GII GGG 1IG-3") HPeV-
GSP2 (reverse primer for the first PCR; 5'-AGA TGC ATC
ATC TGC GAC TC-3'), UAP (forward primer for the sec-
ond PCR; 5'-CUA CUA CUA CUA GGC CAC GCG TCG
ACT AGT AC-3'), and HPeV-GSP (reverse primer for the
second PCR; 5GCC ATG TCT GCA ATG CTC TT-3').
Tag polymerase (Biotech International, Bentley, Western
Australia, Australia) was used as a polymerase. Because 5’
RACE did not reach to the 5" end of the NII561-2000 virus
cDNA, the 5" end cDNA fragment of the NII561-2000 vi-
rus was amplified from the NII561-2000 viral RNA by re-
verse transcription—PCR (RT-PCR). The primers used for
RT-PCR were HPeV-head (forward primer; 5'-TTT GAA
AGG GGT CTC CT-3") and HPeV-mid (reverse primer;
5'-CAT AAG TTC CAC AAG CGT GG-3") HPeV-head
primer was designed as a conserved 5’ end sequence of the
HPeVs 5" UTR.

Neutralization Test

Twenty-five microliters (100 median tissue culture
doses; 50% tissue infective dose [TCID, ]) of the indicated
viruses and 25 pL of the serially diluted antisera (an ini-
tial 10-fold dilution and then 2-fold serial dilutions) were
mixed in a 96-well plate and incubated at 37°C for 2 h.
Then suspended Vero cells (100 puL/well) were added into
these wells. Three to 10 days later the CPE of Vero cells
was checked by light microscopy. To prepare the antiserum
against the NII561-2000 virus, the virus particles grown
in Vero cells were purified by CsCl centrifugation as de-
scribed above. By using this purified virus, we prepared
antiserum by Nippon Biotest Laboratory (Tokyo, Japan).
In brief, the purified viruses were subcutancously injected
into rabbits 3% every 2 weeks. After we checked the anti-
viral titer by the Ouchterlony method, blood was collected
from the vaccinated rabbits.

Comparisons of VPO Amino Acid Sequences of Clini-
cal Isolates

To determine the VPO amino acid sequences of viruses
isolated from clinical samples with cultured cell lines, we
extracted the viral RNA from culture supernatant of cells
injected with the clinical samples by using the High Pure
Viral RNA Kit (Roche, Mannheim, Germany). cDNA
was synthesized from 8 pL of the viral RNA by using
1 U Moloney murine leukemia virus reverse transcriptase
(Invitrogen) and 20 U of recombinant RNAs in ribonucle-
ase inhibitor (Promega, Madison, WI, USA). The 810-bp
fragment containing part of 5 UTR and VPO was amplified
by PCR, using 5 pL of cDNA in a 50-pL reaction mixture
containing 50 mmol/L KCI, 10 mmol/L Tris/HCI (pH 8.5),
2.5 mmol/L MgCl,, 0.2 mmol/L of each deoxynucleoside
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triphosphates, 50 pmol of each primer, and 1 U of Taq poly-
merase (Biotech International). The amplification reaction
consisted of 30 cycles at 95°C for 30 s, at 59°C for 30 s,
and at 72°C for 1 min. The primer set used was E23P1 as
a forward primer and HPV-N1 (5'-TAG GGG ATA CAT
ARG TCR GCY T-3') as a reverse primer ().

Phylogenic Tree Analysis

The bootstrap values were calculated from P1 amino
acid sequences of parechoviruses with the CLUSTAL X
software program (/3), and the phylogenetic tree of these
P1 amino acid sequences was constructed by using the
neighbor-joining method. The nucleotide sequences of the
following parechoviruses were obtained from GenBank:
and their accession numbers were 102971 for HPeV-1
(Harris strain), AJ005695 for HPeV-2 (Williamson strain),
ABO084913 for HPeV-3(A308/99), AJ889918 for HPeV-3
(Can82853-01), DQ315670 for HPeV-4 (K251176-02),
AM235750 for HPeV-4 (T75-4077), AF055846 for HPeV-
5 (CT86-6760), AM235749 for HPeV-5 (T92-15), and
AF327920 for Ljungan virus (LV). The GenBank/EMBL/
DDBJ accession numbers of N11428-2000, N112392-2001,
NII2667-2001, N112694-2001, N112729-2001, and NII561-
2000 are AB252577-AB252582.

Results

Virus Isolation

In January 2000, a 1-year-old girl with croup and high
fever (39.6°C) was hospitalized in a regional general hos-
pital in Niigata Prefecture, Japan. The infant died, and her
condition was diagnosed as Reye syndrome after postmor-
tem pathologic examination. To identify the pathogenic
agent, we added a CSF specimen collected before death to
8 cell lines: MDCK, Caco-2, RD-18S, Vero, HeLa, HEp-2,
LLC-MK2, and BSC-1 cells. Only Vero cells inoculated
with the specimen exhibited a CPE. The CPE titer of the
culture fluid was 10°-10° TCID_, per 25 pL against Vero
cells. Electron microscopic examination detected typical
enteroviruslike virions in the culture fluid of the specimen
(round, no envelop, 30 nm in diameter). Taken together,
these results suggested that the CSF from the patient con-
tained a virus, which we refer to here as NII561-2000.

Physical and Antigenic Properties

Neutralization tests were performed to examine
whether the NII561-2000 agent is related to known vi-
ruses. The NII561-2000 virus infection of Vero cells was
not neutralized by a pool of enterovirus typing antisera or
3 HPeV typing antisera [(HPeV-1, HPeV-2, and HPeV-3)
(A308/99)] (Table 1). Conversely, the rabbit antiserum to
the NII561-2000 virus did not neutralize the infection of
prototype strains of echovirus (serotypes 1-6, 9, 11-15,
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Novel Human Parechovirus

Table 1. Neutralization activities of anti-HPeV antibodies using
Vero cells”

Virus
NII561-
Antiserum 2000 HPeV-1 HPeV-2 HPeV-3
NII561-2000 160 10 <10 <10
HPeV-1t <10 >1,280 <10 <10
HPeV-2 <10 <10 160 <10
HPeV-3 <10 <10 <10 >1,280

*HPeV, human parechovirus.
1The HPeV strains used were Harris strain for HPeV-1, Williamson strain
for HPeV-2, and A308/99 for HPeV-3.

1721, 24-27, 29, 30, and 33), enteroviruses (serotypes
68 and 69), and 3 HPeVs, while it efficiently inhibited the
infection of the NII561-2000 virus. These results suggest
that the NII561-2000 agent is distinct from the examined
known enteroviruses and HPeVs.

We next examined the sensitivity of the virus to 5-
iodo-2'-deoxyuridine (IUDR) (/4). The NII561-2000 virus,
treated with 10-4.5 pmol/L IUDR, was injected into Vero
cells. The IUDR treatment did not affect the CPE in Vero
cells, indicating that the virus has the RNA genome (data
not shown). We next examined the acid-stability and ther-
mostability of the NII561-2000 virus. The virus was treated
at pH 3.0 for 3 h at room temperature, but the infectivity of
the treated virus to Vero cells was little affected. Incuba-
tion of the virus at 50°C for 30 min reduced the infectivity,
while incubation at 50°C for 1 h in the presence of 1 mol/L
MgCl, did not reduce the infectivity. These results indicate
that the NII561-2000 virus has similar properties to human
enteroviruses and HPeVs.

Genetic Analysis of NI1561-2000

To determine the nucleotide sequence of the NII561-
2000 virus, the viral RNA was extracted from the purified
virus. The partial nucleotide sequences of cDNA clones
derived from this viral RNA were determined. BLAST
(www.ncbi.nlm.nih.gov/blast) search identified that the
nucleotide sequences of 2 isolated cDNAs showed high
similarity with that of HPeV-2. By using these cDNAs as a
starting material, the cDNAs containing the 5’ portion and
3’ portion of the NII561-2000 gene were isolated by RT-
PCR with degenerated primers, 5" RACE and 3" RACE.
The determined nucleotide sequence of NII561-2000 was
7,347 nt in length, excluding a poly (A) tract. Following a
709-nt 5’ UTR, a long open reading frame encoded a puta-
tive polyprotein precursor of 2,182 aa, which was followed
by an 89-nt 3' UTR. To verify the nucleotide sequence of
the determined NII561-2000 genome, RT-PCR with a set
of primers and RNA sample extracted from the virus-in-
fected Vero cells was carried out. The nucleotide sequences
of the NII561-2000 genome obtained by using this RT-PCR
method were perfectly matched with those of the originally
determined sequences (data not shown).
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Figure. Phylogenetic tree analysis of the
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Phylogenetic tree analysis with complete P1 (VPO,
VP3, and VPI1) amino acid sequences showed that the
NII561-2000 virus was most similar to HPeV-1/HPeV-2
(Figure, panel A). The nucleotide sequence and amino acid
similarities of NII1561-2000 virus to HPeV-1 were 79.5%
and 90.7%, those with HPeV-2 were 77.1% and 87.3%,
those with HPeV-3 (A308/99) were 76.7% and 85.9%,
those with HPeV-4 were 77.1% and 88.2%, and those with
HPeV-5 (CT86-6760) were 77.0% and 86.9%, respectively
(Table 2). Thus, the NII561-2000 virus is the most similar
to HPeV-1 at the amino acid level. The VP1 capsid gene of
NII561-2000 was the most divergent (33.8% at nucleotide
level) from that of HPeV-5 (CT86-6760).

HPeVs have 9 polyprotein cleavage sites: VPO/VP3,
VP3/VP1, VP1/2A, 2A/2B, 2B/2C, 2C/3A, 3A/3B, 3B/3C,
and 3C/3D (Table 3). Comparison of these polyprotein
cleavage sites among 6 HPeVs showed that those in VP3/
VP1, 2A/2B, 2B/2C, 2C/3A, 3A/3B, 3B/3C, and 3C/3D
were conserved among all 6 HPeVs. The cleavage site in
VP1/2A was identical among HPeV-1, HPeV-2, HPeV-4,
HPeV-5, and NII561-2000 but not HPeV-3. The cleavage
site in VPO/VP3 of NII561-2000 was identical to that of
HPeV-3 but not to those of others.

The NII561-2000 virus, HPeV-1, HPeV-2, HPeV-4,
and HPeV-5, but not HPeV-3, had an RGD (arginine-gly-
cine-aspartic acid) motif at the C terminus of VP1 (15).

Table 2. Comparisons of nucleotide and amino acid sequences among NII561-2000, HPeV-1, HPeV-2, HPeV-3, HPeV-4,

and HPeV-5*

% Nucleotide similarity (% amino acid similarity) with NI1561-2000
Sequence HPeV-1t HPeV-2 HPeV-3 HPeV-4 HPeV-5
5'UTR 85.3 87.3 86.9 88.5 86.9
VPO 73.6 (78.2) 76.0 (80.9) 70.6 (72.3) 72.6 (81.0) 73.1(77.2)
VP3 74.4 (84.7) 73.0 (80.2) 67.0 (74.1) 70.9 (78.0) 68.7 (73.1)
VP1 71.7n(80.3) 67.3 (72.2) 71.1(75.3) 70.0 (71.9) 66.2 (70.2)
2A 80.8 (90.7) 77.1(88.0) 81.0 (85.3) 77.3(91.2) 76.2 (88.7)
2B 78.6 (97.5) 77.8 (97.5) 82.0 (97.5) 79.8 (97.5) 78.7 (99.2)
2C 84.7 (97.3) 76.4 (86.9) 79.2 (92.7) 78.7 (92.4) 79.2 (93.6)
3A 85.7 (96.6) 77.4 (88.0) 78.0 (87.2) 75.5 (89.7) 78.6 (83.8)
3B 81.4 (80.0) 72.9 (80.0) 73.3 (75.0) 66.7 (85.0) 70.0 (85.0)
3C 84.2 (99.0) 82.7 (99.0) 82.3 (98.0) 82.5(98.0) 80.5 (99.0)
3D 83.2 (95.9) 83.7 (95.5) 83.9 (95.7) 84.2 (96.8) 87.2 (97.0)
3'UTR 81.6 88.5 83.9 84.9 93.2
ORF 79.5 (90.7) 77.1(87.3) 76.7 (85.9) 77.1(88.2) 77.0 (86.9)

*HPeV, human parechovirus; UTR, untranslated region; ORF, open reading frame.

1The HPeV strains used were Harris strain for HPeV-1, Williamson strain for
for HPeV-5.
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HPeV-2, A308/99 for HPeV-3, K2511876-02 for HPeV-4, and CT86-6760
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Table 3. Amino acid sequences of protein cleavage sites of HPeVs

Novel Human Parechovirus

Virus VPO/VP3 VP3/VP1 VP1/2A 2AI2B 2B/2C 2C/3A 3A/3B 3B/3C 3C/3D
NI11561-2000 N/G Q/N Q/s Q/G Q/G QT E/R QR Q/G
HPeV-1* N/A Q/N Q/s Q/G Q/G QT E/R QR Q/G
HPeV-2 TIA Q/N Q/s Q/G Q/G QT E/R Q/R Q/G
HPeV-3 N/G Q/N E/S Q/G Q/G QT E/R Q/R Q/G
HPeV-4 N/N Q/N Q/s Q/G Q/G QT E/R QR Q/G
HPeV-5 N/S Q/N Q/s Q/G Q/G QT E/R QR Q/G

*The human parechovirus (HPeV) strains used were Harris strain for HPeV-1, Williamson strain for HPeV-2, A308/99 for HPeV-3, K2511876-02 for

HPeV-4, and CT86-6760 for HPeV-5.

The RGD motif may be used for an entry receptor of these
HPeVs to attach, penetrate, or both, into host cells. Mu-
tant HPeV-1 viruses with 2 aa deletions in the RGD motif
showed little infectivity, while an RGD-to-RGE (arginine-
glycine-glutamic acid) change showed reduced infectivity,
and the resultant viruses possessed a rescued RGD. In addi-
tion, mutations at the +1 and +2 positions downstream from
the RGD motif produced small virus—inducing plaques, and
an M-to-P change at +1 position was lethal (/5). The amino
acids (+1 and +2 positions) downstream from the RGD mo-
tif of NII561-2000 were identical to those of HPeV-1.

The N terminal ends of VP4 of many picornaviruses are
myristoylated, and they have a consensus myristoylation
motif (/6). HPeVs, including NII561-2000, lacked a my-
ristoylation motif in the corresponding VPO sequence. My-
ristoylation of capsid proteins is suggested to play a role
in virion assembly. Thus, the virion assembly mechanism
of HPeVs, including NII561-2000, might be distinct from
other picornaviruses, including poliovirus.

Isolation of HPeVs from Clinical Samples

By using cultured cells (Caco-2, RD-18S, Vero,
HeLa, HEp-2, LLC-MK2, and BSC-1), we have isolated
8,195 CPE-inducing agents from 13,656 clinical samples
(stool, throat swab, and CSF) collected between 1991 and

2005, at Niigata, Japan (Table 4, Table 5). The CPE mor-
phologic features and CPE-inducing cell types suggested
that 1,521 isolates are likely to be enteroviruses, HPeVs,
rhinoviruses, or other viruses, and the others are likely
to be influenza viruses or adenoviruses. Neutralization
tests that used antisera against enteroviruses and HPeV-1
showed that 1,365 were enteroviruses and 12 were HPeV-
1, and the remaining 144 viruses were not neutralized
by these agents. RT-PCR that used degenerate primers
against HPeVs, enteroviruses, and rhinoviruses identified
29 HPeVs, 72 enteroviruses, and 26 rhinoviruses, respec-
tively. The remaining 17 viruses were not identified by
these methods. Thus, a total of 41 HPeVs were isolated
from the samples collected in Niigata.

Phylogenetic tree analysis showed 14 HPeV-1, 16
HPeV-3, and 1 HPeV-4, but no HPeV-2 and HPeV-5
among the examined 41 HPeVs. In addition, 10 viruses, in-
cluding NII561-2000, formed a distinctive tree from those
of the other HPeVs (Figure, panel B). Of note, in our search
from 1991 through 2005, the NII561-2000—related viruses
were isolated only in 2000 (3 cases) and 2001 (7 cases);
HPeV-1 were isolated in 1991, 1998, 2001, 2004, and
2005; HPeV-3 were isolated in 1998, 1999, 2000, 2001,
2004, and 2005; and HPeV-4 was isolated only in 1993
(Table 4). The clinical symptoms of the patients infected

Table 4. Numbers of isolated HPeVs in 1991-2005 at Niigata, Japan*

HPeV subtype No. isolated No. examined No. isolated
Year Type 1 Type 3 Type 4 Type 6 HPeVs samples viruses
1991 1 0 0 0 1 303 255
1992 0 0 0 0 0 142 53
1993 0 0 1 0 1 166 50
1994 0 0 0 0 0 151 55
1995 0 0 0 0 0 167 116
1996 0 0 0 0 0 133 54
1997 0 0 0 0 0 277 84
1998 1 1 0 0 2 1,607 1,117
1999 0 3 0 0 3 2,118 1,203
2000 2 2 0 3 7 1,974 1,127
2001 4 5 0 7 16 1,699 989
2002 0 0 0 0 0 2,783 1,787
2003 0 0 0 0 0 986 597
2004 5 2 0 0 7 584 329
2005 1 3 0 0 4 566 379
Total 14 16 1 10 41 13,656 8,195
*HPeV, human parechovirus.
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with NII561-2000-related viruses were gastroenteritis, re-
spiratory symptoms, rash, and flaccid paralysis in addition
to Reye syndrome (Table 5), and these disease categories
were similar to those of other HPeVs (2,3).

Discussion

In this study, we isolated a novel HPeV (NI1561-2000)
from a 1-year-old girl with Reye syndrome and determined
the nucleotide sequence. Nucleotide sequence analysis and
mutual neutralization test indicated that the NII561-2000
virus was distinct from 5 known HPeVs (Figure, panel A)

(17). Thus, we propose that the NII561-2000 virus is the
prototype of HPeV-6.

The NII561-2000 virus was originally isolated from a
patient with Reye syndrome, an acute noninflammatory en-
cephalopathy characterized by an antecedent viral infection,
such as influenza or varicella (/0—12). The significance of
the NII561-2000 virus in this syndrome is not clear, because
our samples did not include any other samples from this pa-
tient. We also isolated 9 NII561-2000—related viruses from
clinical samples collected from other patients. The clini-
cal symptoms of the persons infected with NII561-2000—

Table 5. Diseases associated with HPeVs isolated 1991-2005 in Niigata, Japan*

HPeV
Strain subtype Specimen Clinical symptom Sex Age, y Cell line(s)
NI11099-91 1 Stool Gastroenteritis F 1 BSC-1
NI11852-98 1 Throat swab Hand-foot-mouth disease M <1 CaCo2, RD-18S
N112534-2000 1 Stool Fever of unknown origin M <1 CaCo2
NI12632-2000 1 Stool Gastroenteritis M 1 RD-18S, Vero
NI136-2001 1 Stool Gastroenteritis M 1 BSC-1
NI12647-2001 1 Throat swab Upper respiratory tract infection M 1 RD-18S
NI12715-2001 1 Stool Gastroenteritis M <1 CaCo2, RD-18S
NI112726-2001 1 Stool Gastroenteritis F 1 CaCo2
NI1196-2004 1 Stool Gastroenteritis M 9 LLC-MK2
NI1197-2004 1 Stool Gastroenteritis M <1 LLC-MK2
NI1198-2004 1 Stool Gastroenteritis M <1 LLC-MK2
NI1940-2004 1 Throat swab Bronchitis M <1 CaCo2, RD-18S, Vero
NII1056-2004 1 Stool Gastroenteritis F <1 LLC-MK2
NI1751-2005 1 Stool Gastroenteritis M <1 CaCo2
NII7-98 3 Stool Gastroenteritis F 1 BSC-1
NI12486-99 3 Stool Rash F <1 Vero
NII2701-99 3 Throat swab Rash F 1 Vero
NI112927-99 3 Stool Aseptic meningitis M <1 Vero
NI112319-2000 3 Stool Upper respiratory tract infection M <1 BSC-1
NI112825-2000 3 Throat swab Upper respiratory tract infection M 1 Vero, LLC-MK2
NI12335-2001 3 Throat swab Rash F <1 Vero, LLC-MK2
NI12573-2001 3 Throat swab Rash F <1 Vero, LLC-MK2
NI112735-2001 3 Stool Aseptic meningitis F <1 Vero, LLC-MK2
NI112826-2001 3 Throat swab Upper respiratory tract infection M <1 Vero, LLC-MK2
NI12930-2001 3 Throat swab Myositis M 8 CaCo2, Vero
NI11018-2004 3 CSF Fever of unknown origin F <1 Vero, LLC-MK2
NI11063-2004 3 Stool Gastroenteritis M <1 CaCo2, LLC-MK2
NI1414-2005 3 Throat swab Influenzalike illness M 4 Vero, LLC-MK2
NI1562-2005 3 Throat swab Influenzalike illness F 35 LLC-MK2
NII572-2005 3 Throat swab Influenzalike iliness M 5 Vero, LLC-MK2
NI1370-93 4 Stool Lymphadenitis M 5 RD-18S, Vero,
LLC-MK2
NI1428-2000 6 Stool Gastroenteritis F 1 Vero
NI1561-2000 6 CSF Reye syndrome F 1 Vero
NI112819-2000 6 Throat swab Rash M 2 BSC-1
NI112392-2001 6 Stool Flaccid paralysis M 1 CaCo2
NI112485-2001 6 Throat swab Upper respiratory tract infection F <1 RD-18S
NI112589-2001 6 Throat swab Gas